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THE  MICROWAVE  SYSTEM  OF  THE  HAYSTACK  PLANETARY  RADAR 


I.  INTRODUCTION 

1  -3 

The  X-band  planetary  radar  at  Haystack  was  inspired  by  Shapiro's  suggestion  that  the 
general  theory  of  relativity  might  be  checked  by  a  fourth  test.  He  proposed  that  a  radar  beam 
be  passed  close  to  the  sun  and  changes  in  the  velocity  of  propagation  due  to  gravitational  retar¬ 
dation  be  measured  by  using  the  echoes  from  the  planets  Venus  and  Mercury. 

A  conventional  pulsed  radar  which  could  detect  either  Venus  or  Mercury  at  superior  con¬ 
junction  would  require  about  50  MW  of  peak  power  at  X-band.  This  was  far  beyond  anything  that 
seemed  achievable.  However,  the  achievement  of  500  kW  CW  at  X-band  did  appear  to  be  within 
the  state  of  the  art,  because  Eimac,  now  a  division  of  Varian  Associates,  had,  in  1%4,  been 
successful  in  a  laboratory  demonstration  of  500  kW  CW  from  a  single  tube  for  a  short  period  of 
time.  An  industrywide  competition  resulted  in  the  choice  of  a  pair  of  Varian  VA -949AM, 

250  kW  klystrons  to  power  the  radar. 

The  radar  system  to  be  used,  sometimes  erroneously  called  a  CW  radar,  was  to  employ  a 
very  long  pulse,  the  pulse  length  being  nearly  equal  to  twice  the  distance  between  the  earth  and 
the  target  planet.  This  long  pulse  was  coded  in  such  a  way  as  to  allow  achievement  of  the  same 
degree  of  range  resolution  as  might  be  obtained  using  a  more  conventional  pulsed  radar. 

In  order  to  detect  Venus  or  Mercury  at  superior  conjunction  with  a  sufficient  signal-to-noise 
ratio  to  allow  an  accurate  determination  of  range,  the  microwave  system  employed  with  the  Hay¬ 
stack  antenna  must  have  a  transmitter  power  of  500  kW  CW,  and  a  system  noise  temperature  of 
7  5° K.  Considering  the  radomc  losses,  transmission  line  losses  and  the  estimated  noise  back¬ 
ground  when  looking  in  the  vicinity  of  the  sun,  the  low  noise  receiver  must  have  a  flange  temper¬ 
ature  of  less  than  25° K  in  order  to  achieve  the  required  overall  system  temperature.  With  these 
RF  system  parameters,  the  Haystack  system  threshold  (signal  noise  in  a  1-Hz  filter)  would  be 
3  55  dB. 

II.  GENERAL  DESCRIPTION  OF  MICROWAVE  SYSTEM 

The  planetary  radar,  as  the  microwave  equipment  for  performing  the  "fourth  test"  is  called, 
is  packaged  in  an  8-  by  8-  by  12 -foot  module  which  mounts  behind  the  apex  of  the  120-foot  Hay- 
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stack  parabolic  reflector.  This  module,  which  is  referred  to  as  the  PR  (Planetary  Radar)  box, 
can  be  removed  from  the  antenna  and  operated  at  a  test  position  on  the  ground  when  the  antenna 
is  being  used  for  other  purposes.  However,  the  turn-around  time  for  changing  equipment  boxes 
is  long  enough  for  such  changes  to  be  made  infrequently. 

In  order  to  ensure  efficient  utilization  of  the  Haystack  facility,  the  RF  system  has  been 
configured  so  that  the  planetary  radar  equipment  may  be  used  for  short  pulse  moon  mapping 
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Fig.  1.  Basic  radar  system. 
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Fig.  2.  Planetary  radar  microwave  system. 


2 


experiments  and  as  a  passive  radiometer.  The  special  provisions  for  moon  studies  consist  of 
providing  short  pulse  capability  plus  polarization  diversity. 

The  transmitter  consists  of  a  pair  of  VA-949AM,  250  kW,  CW  klystrons  driven  by  a  signal 
derived  from  a  very  stable  source  which  controls  all  frequencies  and  timing  operations  at  the 
llaystaek  station.  The  stable  signal  is  multiplied  to  X-band  and  used  to  phase  loek  a  CW  klys¬ 
tron  from  which  the  drive  signal,  local  oscillator  signals,  and  certain  test  signals  are  derived 
by  means  of  a  frequency  translation  sehemc.  The  output  of  the  VA-949  klystron  is  carried  in  a 
four-waveguide  transmission  system  to  the  multimode  tracking  horn  which  radiates  the  500-kW 
signal  into  the  Casscgrainian  antenna  system.  The  antenna,  whose  tracking  feature  is  not  actu¬ 
ally  used,  is  computer  pointed  for  all  experiments. 

The  radiated  signal  is  right-hand  circularly  polarized.  The  return  signal,  which  is  left- 
hand  polarized,  is  received  at  a  set  of  four  terminals  whieh  are  isolated  from  the  high  power 
transmission  system.  It  is  then  summed  in  hybrids  and  transmitted  to  the  main  receiver  through 
switching  eireuits  whieh  further  isolate  the  maser  receiver  from  the  high  power  line  during  the 
transmitting  interval.  Figure  1  is  a  simplified  diagram  of  the  radar  and  Fig.  2  a  diagram  of  the 
microwave  system. 

Three  important  functions  must  be  earried  out  in  order  to  ensure  proper  operation  and  con¬ 
trol  of  the  RF  system: 

(a)  Balancing  of  the  klystron  outputs 

(b)  Status  monitoring  of  all  critical  parameters 

(c)  Protection  of  the  equipment  from  damage  due  to  some  catastrophic  event 
such  as  an  arc  in  the  waveguide. 

The  balancing  of  the  system  is  accomplished  by  means  of  a  phase  control  in  the  klystron 
drive  circuits  and  the  adjustment  of  the  voltage  on  a  control  electrode  in  the  klystron  gun  which 
has  the  effect  of  varying  the  perveancc  of  the  tube,  thereby  varying  the  amplitude  of  the  RF  out¬ 
put.  The  phase  and  amplitude  equality  is  indicated  by  the  balance  of  a  microwave  bridge  whieh 
samples  the  waves  in  the  output  transmission  lmes.  These  same  eireuits,  employing  folded 
magic  tee  hybrids,  also  provide  information  on  the  total  output  power  and  provide  signals  to  in¬ 
dicate  sudden  changes  in  the  relative  amplitudes,  phases,  or  power  levels  in  the  four  transmis¬ 
sion  lines  which  might  be  indicative  of  a  major  fault  in  the  system. 

If  a  CW  arc  develops  in  the  system,  and  is  not  extinguished  in  a  very  short  time  (a  few  mi¬ 
croseconds),  the  RF  equipment,  particularly  the  high  power  amplifier  tubes,  might  be  severely, 
probably  irrepairably,  damaged.  The  microwave  monitor  bridges  will  indicate  some  such  faults. 
In  addition,  reverse  power  couplers  have  been  placed  near  the  tube  output  connectors  and  optical 
detectors  have  been  incorporated  which  will  detect  any  visible  light  near  the  tube  windows. 

These  fault  detectors  generate  fast  turn-off  signals  which  will  cause  removal  of  the  RF  drive 
from  the  klystrons  in  a  time  of  the  order  of  a  mierosccond. 

in.  HIGH  POWER  RF  AMPLIFIER 
A.  Description 

The  high  power  microwave  system  employs  four  parallel  waveguide  transmission  lines. 

There  were  several  reasons  for  choosing  this  particular  configuration. 

(1)  A  high  confidence  level  had  been  built  up  around  the  100  kW  operation 
with  the  VA-879  transmitter.  A  four-waveguide  500-kW  system  would 
only  provide  a  1-dB  increase  in  power  level  in  the  transmission  lines. 
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TABLE  1 

CHARACTERISTICS  OF  VA-949AM  KLYSTRON 

AMPLIFIERS 

Operating  Choracteristics 

(anticipated  values) 

250-kW  CW  Output 

500-kW  Pulse  Output 

Beom  valtoge 

52  kV 

66  kV 

Beam  current 

10  A 

15  A 

Heoter  power  (max) 

150  wotts 

150  watts 

Heater  valtoge 

15  V 

15  V 

Heoter  current 

10  A 

10  A 

Collector  coolant  flaw  (min) 

80  gpm 

80  gpm 

Collector  pressure  drap  (max) 

100  psi 

100  psi 

Body  coolant  flow  (min) 

15  gpm 

15  gpm 

Body  pressure  drop  (max) 

100  psi 

100  psi 

Caolont  outlet  temperature  (max) 

165°F 

165°F 

Coolant  inlet  temperature  (mox) 

120°F 

120°F 

Control  electrode  valtoge 

Tied  ta  cothode 

Voltage  far  cut-aff  conditions 

under  pulse  operation 

“6. 5  kV 

-8.5  kV 

Other  Choracteristics 

Electromagnet  Requirements 

Voltage 

300  va 

Its  max 

Current 

10  omps  mox 

Flaw 

5  gpm 

Pressure 

100  ps 

i 

Weight  af  tube  and  magnet 

525  lb 

Control  electrode  capacity 

~100  PF 
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(2)  There  were  reasons  to  doubt  that  existing  vacuum  window  designs  would 
be  trouble  free  at  the  250-kW  level.  Unresolved  problems  existed  with 
respect  to  window  failures  in  the  100-kW  VA-879  klystrons.  For  this 
reason,  a  two-window  250-kW  tube  seemed  desirable. 

(3)  The  multimode  horn  already  in  use  in  the  Haystack  antenna  required 
four  waveguide  inputs. 

A  tracking  multimode  feed  such  as  had  been  designed  for  the  100-kW  system  would  not  be 
needed  for  the  planetary  radar  application,  since  all  pointing  would  be  done  by  the  computer 
However,  the  very  efficient  design  was  attractive  and  compatible  with  the  four  waveguide  system 
whieh  would  be  required  to  overcome  an  anticipated  window  problem  in  the  high  power  klystron. 
There  was  also  the  problem  of  the  circulators  which  would  be  required  for  moon  mapping  stud¬ 
ies.  These  moon  studies  would  be  conducted  using  short  pulses  so  that  the  average  power  would 
be  low.  However,  there  appeared  to  be  no  practical  way  to  employ  the  circulators  in  the  moon 
mapping  mode  and  then  to  switch  them  out  when  operating  in  the  CW  planetary  radar  mode.  This 
required  that  the  circulators  be  installed  permanently.  The  four-waveguide  configuration  was 
therefore  compatible  with  all  operational  requirements  and  afforded  a  degree  of  conservatism 
which  was  expected  to  pay  off  in  trouble  free  operation.  The  use  of  this  configuration  also  re¬ 
duced  the  power  density  to  the  point  where  waveguide  pressurization  was  not  necessary  to  avoid 
voltage  breakdown.  Only  a  small  overpressure  of  dry  nitrogen  would  be  required  to  keep  the 
system  clean.  As  a  result,  the  design  of  the  horn  radome  was  trivial,  but  it  could  have  been 
difficult  if  pressurization  had  been  required. 

Two  VA-949AM  klystron  amplifiers  in  parallel  operation  are  the  principal  active  elements 
in  the  planetary  radar  transmitter.  These  tubes  were  designed  and  constructed  by  Varian  Asso¬ 
ciates  specifically  for  this  application  and  can  be  considered  a  direct  development  from  the 
lOOkW  VA-879  klystron  employed  in  the  earlier  Radar/Communications  (R/C)  transmitter. 

Table  I  lists  the  important  characteristics  of  the  VA-949AM. 

At  the  time  the  VA -949AM  was  procured,  Eimac  was  developing  an  experimental  klystron 
with  the  goal  of  achieving  1  MW  CW  at  X-band.  A  power  output  of  500  kW  was  actually  achieved 
for  a  short  period.  This  achievement  was  very  significant  and  it  was  attractive  to  consider  a 
single-tube  500-kW  transmitter.  There  were  a  number  of  faetors  against  this,  however. 

(1)  The  Eimac  tube  was  very  large  and  heavy. 

(2)  The  voltage  required  to  achieve  the  500  kW  was  beyond  the  capability 
of  the  Haystack  power  supply. 

(3)  The  tube  did  not  incorporate  a  modulating  electrode  which  would  be 
required  for  short  pulse  operation  (moon  studies). 

A  re-engineering  of  the  tube  could  have  removed  some  of  the  objections,  i.  e.,  the  perveance 
could  be  increased  and  a  collector  designed  for  500-kW  operation  which  would  reduce  the  weight 
considerably.  However,  even  with  these  changes  which  would  have  been  more  costly  than  the 
Varian  proposal,  the  size  and  weight  of  the  Eimac  tube  would  make  its  incorporation  into  the 
Haystack  antenna  system  difficult. 

As  a  five-cavity  klystron  power  amplifier,  the  VA-949AM,  Fig.  3,  is  unique  only  in  the  de¬ 
sign  of  the  electron  gun  whieh  allows  easy  modulation  of  the  electron  beam.  This  gun  configur¬ 
ation  (Fig.  4)  had  previously  been  developed  and  successfully  applied  to  lower  power,  i.  e.,  5  to 
25  kW,  CW  tubes.  Considerable  engineering  was  required  to  adapt  this  type  of  gun  to  the  50  to 
70  kV  range  required  of  the  VA-949  and  to  this  end  a  beam  test  vehicle  (BTV)  was  constructed. 
This  device  contained  all  the  necessary  klystron  components  except  the  RF  interaction  section 
which  was  replaced  by  a  continuous  drift  tube.  Laboratory  operation  of  the  BTV  allowed  an 
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Fig.  3.  Klystron  VA-949 AM. 


Fig.  4.  Typical  high-p  gun  of  type  used 
in  VA-949 AM. 
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CONTROL  ELECTRODE  VOLTAGE  (kV) 


Fig.  5.  Typical  VA-949AM  near  cut-off  beam 
performance  at  55- kV  beam  voltage. 


Fig.  6.  Typical  behavior  of  V A -949AM  beam 
current  and  body  current  as  a  function  of  con¬ 
trol  electrode  bias. 


evaluation  of  the  collector  design  and  also  provided  a  means  of  experimenting  with  gun  design. 
Figures  5,  6,  and  7  show  the  gun  characteristics  achieved  in  this  experimental  program. 

While  the  gun  characteristics  achieved  in  the  VA -949AM  were  not  quite  as  good  as  had  been 
achieved  in  lower  power  tubes  using  smaller  cathodes,  the  incorporation  of  the  high-p  control 
electrode  was  successful  and  made  possible  a  small,  lightweight,  short  pulse  beam  modulator 
(beam  control  unit)  which  was  essential  for  the  lunar  studies  and  also  provided  a  means  for  effi¬ 
ciently  matching  the  RF  output  amplitudes  of  a  pair  of  klystrons. 

Typical  performance  of  the  VA -949AM  is  shown  in  Fig.  8. 

B.  Window  Problem 

When  the  earlier  100-kW  transmitter  using  VA-879  klystrons  was  being  designed,  the  best 
information  from  klystron  manufacturers  indicated  that  at  the  100-kW  CW  level  the  most  likely 
cause  of  window  failure  would  be  an  RF  arc  moving  against  the  vacuum  window.  In  order  to 
protect  the  klystrons  from  waveguide  arcs,  an  arc  detector  using  solid  state  sensors  was  de¬ 
signed  which  was  capable  of  detecting  arcs  that  could  be  sustained  at  RF  power  levels  of  less 
than  100  W.  Nonetheless,  there  were  three  window  failures  at  an  RF  level  of  approximately 
80 kW  CW  which  could  not  be  attributed  to  waveguide  arcs.  This  experience  led  to  a  survey  of 
the  microwave  window  "state  of  the  art"  and  to  some  experiments  at  Lincoln  Laboratory. 

There  had  been  earlier  problems  of  window  failure  in  microwave  tubes  and  a  number  of 
studies  were  under  way.  As  a  matter  of  fact,  a  great  deal  of  information  was  already  avail¬ 
able  and  in  retrospect  one  wonders  why  these  problems  were  not  better  understood  in  the  tube 
industry  than  they  appear  to  have  been.  The  reason  seems  to  have  been  that  workers  approached 
the  problem  from  different  points  of  view  and  with  the  feeling  that  theirs  was  the  correct  one. 
This,  coupled  with  a  number  of  competing  failure  mechanisms  to  choose  from,  resulted  in  an 
inadequate  appreciation  of  the  real  problem. 
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BEAM  CURRENT (A) 


DRIVE  FREQUENCY  (MHz) 


Fig.  8.  Typical  VA-949AM  output  characteristics  far  various  levels  af  drive. 
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The  principal  window  failure  mechanisms  are: 

(1)  Internal  failure  of  the  dielectric  either  by  exceeding  the  dielectric 
strength  or  through  generation  of  plasma  in  voids  in  the  dielectric. 

(2)  Bombardment  of  the  dielectric  by  high  energy  electrons  which  produce 
punctures  through  the  dielectric  from  the  vacuum  side  to  the  air  side. 

(3)  Mechanical  failure  from  shock  waves  generated  by  an  RF  breakdown  in 
the  transmission  system. 

(4)  Window  heating  by  (a)  electron  bombardment  from  the  multipactor  on 
the  vacuum  side  of  the  window,  (b)  losses  in  the  window  dielectric,  and 
(c)  an  RF  arc  coming  against  the  external  surface  of  the  vacuum  window. 

Internal  failure  of  the  dielectric  has  not  been  experienced  with  CW  tubes,  but  has  been  ex¬ 
tensively  studied  at  Stanford  University  because  this  type  of  failure  has  been  an  important  one 
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with  the  high  peak  power  klystrons  used  in  their  accelerator  program.  * 

Bombardment  of  the  dielectric  surfaces  by  high  energy  electrons  has  been  an  important 
factor  in  failures  in  older  tubes,  but  all  modern  high  voltage  klystrons  are  designed  so  that  the 
windows  are  shielded  from  high  energy  electrons  escaping  from  the  beam. 

For  some  time  it  has  been  questioned  whether  RF  discharge  generated  shock  waves  were 
responsible  for  window  damage  in  microwave  tubes.  Lincoln  Laboratory  experiments^  indicate 
that  X-band  size  thin  windows  should  survive  shock  waves  generated  by  RF  arcs  up  to  a  power 
level  of  about  220  kW  and  that  thick  windows  of  the  type  used  by  Varian  in  the  VA-879  and 
VA-949  klystrons  should  not  be  subject  to  this  type  of  fracture  below  the  megawatt  level. 

Thermal  cracking  of  RF  output  windows  is  the  principal  window  failure  mechanism  in  CW 
tubes.  The  problem  reduces  to  that  of  failure  due  to  the  combined  heat  load  from  the  multi¬ 
pactor  discharge  on  the  vacuum  side  of  the  window  and  from  the  dielectric  losses  within  the  win¬ 
dow  material  itself.  Considerable  work  has  been  done  on  these  problems  by  investigators  at 
89  10  11 

Varian,  Eimac,  RCA,  and  Lincoln  Laboratory.  '  Despite  the  quantity  and  quality  of  the  work 
done  prior  to  mid-196  5,  when  the  VA-879  window  problem  was  encountered,  there  appeared  at 
that  time  to  be  considerable  disagreement  among  the  various  authorities  in  the  field.  This  led 
to  the  Lincoln  Laboratory  experiments. 

C.  E.  Muehe  has  shown  that  the  power  level  at  which  a  half-wavelength  rectangular  win¬ 
dow  will  break  when  the  heat  input  is  from  the  dielectric  losses  alone  may  be  expressed  as: 
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where 


crT  =  tensile  strength 

o'  =  temperature  coefficient  of  expansion 
E  =  Young's  modulus 
k  =  thermal  conductivity 
e'  =  real  part  of  dielectric  constant 
f"  =  imaginary  part  of  dielectric  constant 
a  and  b  are  waveguide  dimensions  in  centimeters 

The  material  constants  used  in  the  calculation  of  the  thermal  failure  point  arc  shown  in 
Table  II.  The  coefficients  a,  a T,  and  E  used  were  those  quoted  for  the  maximum  temperature 
rise  plus  the  assumed  ambient  temperature  of  406C.  Constants  used  in  this  tabic  are  an  aver¬ 
age  of  values  quoted  by  various  manufacturers. 
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TABLE  II 

MATERIAL  CONSTANTS*  FOR  VARIOUS  WINDOW  DIELECTRICS 

Constant 

99.  5  Percent 
Alumina 

Lucalax 
or  Synthetic 
Sapphire 

Beryl  1  ia 

Fused  Quartz 

°T  (psi) 

25  X  103 

55  X  103 

21  X  103 

15.  5  X  103 

a  (“C'1) 

7  X  10'6 

6  X  10"6 

6  X  10"6 

0.55X  10‘6 

E  (psi) 

5  X  107 

5  X  107 

5  X  107 

1.07X  107 

K  (watt/cm  °C) 

0.72 

0.42 

2.0 

0.017 

e 1 

9 

9.4 

6.0 

3.9 

e" 

0.002 

0. 0006 

0.0027 

0.0004 

*  Constants  are  an  average  of  values  quoted  by  several  manufacturers. 

TABLE  III 

CALCULATED  FAILURE  LEVELS  DUE  TO  DIELECTRIC  LOSSES 

AT  7.75  GHz  FOR  WR-137  HALF-WAVELENGTH  BLOCK  WINDOWS 

Ma  terial 

Average  Power 

(kW) 

Temperature  Rise 
af  Center  Over  Edge 

(°C) 

99.5  percent  alumina 

147 

107 

Lucalax  and  synthetic 
sapphire 

1950 

275 

Bery  Ilia 

750 

105 

Fused  quartz 

151 

3950  (400)* 

*  Quartz  will  melt  before  it  cracks.  Far  all  calculations,  a  value  af  400°C  was 
used,  because  the  lass  tangent  starts  ta  increase  rapidly  at  this  temperature. 
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Table  III  shows  the  results  of  calculations  made  for  half-wavelength  reetangular  windows  in 
WR-137  waveguide  at  a  frequency  of  7. 75  GHz.  For  99.5  percent  alumina,  the  average  breakage 
level  is  147  kW.  The  spread  is  approximately  125  to  175  kW  depending  on  the  particular  values 
of  the  material  constants  chosen  from  the  available  data. 

Assuming  the  windows  used  in  the  VA-879  klystrons  whieh  fractured  at  approximately  80  kW 
were  of  high  quality  alumina,  the  eonelusion  was  that  there  must  be  a  heat  souree  contributing 
to  window  failures  besides  the  heating  due  to  dielectric  losses. 

A  multipaetor  (electron  resonance)  phenomena  had  been  suspeeted  for  some  time  as  the 
principal  eause  of  window  failures  in  klystrons  in  the  Stanford  aeeelerator.  Preist  of  Eimae 

g 

showed  that  a  single  surfaee  multipaetor  was  possible,  and  developed  an  expression  whieh  pre¬ 
dieted  the  threshold  for  multipaetor  on  the  vacuum  side  of  a  dieleetrie  window. 


V 
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where  V  is  the  electron  velocity  expressed  in  electron  volts,  e/m  is  the  eharge  to  mass  ratio 

e  11 

of  an  electron  1.76  x  10  ,  and  E^  is  the  peak  electric  field  parallel  to  the  window  surfaee. 

For  the  ease  of  a  half-wavelength  window,  the  transmission  line  will  be  matehed  and  the  power 
passing  through  the  window  will  be 

2  2 
,  E  *  YT 

p  -  P _ 

T  2  3 77 (A.  /\) 

g 

where  E^h  is  the  voltage  at  the  eenter  of  the  waveguide. 

Preist  found  that  for  windows  which  had  been  subjected  to  repeated  or  extended  bake-out, 
the  maximum  electron  velocity  of  window  generated  electrons  was  40  to  80  electron  volts. 

Using  these  numbers  and  assuming  WR-137  waveguide  at  7.75GHz  the  critical  power  level  is 
found  to  lie  between  74.2  and  148.4  kW.  Preist  states  that  in  some  eases  where  the  bake-out 
was  of  short  duration,  the  power  level  at  whieh  exeess  heating  oeeurred  corresponded  to  max¬ 
imum  electron  velocities  of  only  a  few  volts.  This  was  attributed  to  contaminants  on  the  win¬ 
dow  surfaee  whieh  were  subsequently  removed  by  fur¬ 
ther  processing.  The  lower  limit  found  by  Preist  for 
"clean"  alumina  was  about  the  level  at  which  VA-879 
failures  had  been  experienced.  The  upper  limit  of 
nearly  150  kW  was  the  power  level  at  whieh  Varian 
claimed  to  have  successfully  operated  alumina  bloek 
windows  in  M  windowtrons"  in  a  traveling  wave  resona-  . 
tor. 

In  order  to  obtain  further  data  some  11  windowtrons," 

Fig.  9,  were  procured  from  Varian.  It  was  also  in¬ 
tended  to  install  these  at  the  output  of  the  VA-879AM 
to  protect  the  windows  from  shoek  waves  indueed  by  RF 
breakdown.  It  was  later  established  by  R.  Weigand  f 
that  shoek  wave  breakage  of  thiek  windows  of  the  type 
used  in  the  VA-879  and  VA -949AM  klystrons  was  very 
unlikely  at  power  levels  below  the  megawatt  range. 

For  this  reason  windowtrons  were  not  incorporated  in 


MJI-W 


Fig.  9.  "Windowtron." 
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the  500-kW  Haystack  transmitter  although  one  was  installed  for  a  period  of  time  in  the  100-kW 
system. 

High  power  laboratory  windowtron  tests,  using  a  resonant  ring,  employed  a  Varian  photo 
multiplier  arc  detector  which  was  installed  so  as  to  have  the  window  receiving  the  incident  RF 
wave  in  its  field  of  view.  The  photo  multiplier  type  of  arc  detector  is  more  than  an  order  of 
magnitude  more  sensitive  than  the  solid  state  detectors  initially  employed  with  the  VA-879 
100-kW  transmitter. 

The  performance  of  the  "  windowtrons”  was  quite  variable.  One  particularly  interesting 
series  of  tests  contributed  a  great  deal  to  the  better  understanding  of  the  window  problem.  In 
this  test,  a  windowtron  was  installed  in  the  ring  resonator  and  the  power  slowly  increased.  At 
the  80-kW  level  the  arc  detector,  observing  the  incident  window,  shut  down  the  transmitter. 

When  power  was  turned  on  again,  shut-down  occurred  at  about  6  kW.  Observations  were  then 
made  with  the  unaided  eye  looking  at  the  " windowtron"  window  through  a  small  hole  in  the  wave¬ 
guide.  The  arc  detector  was  disabled  and  power  turned  on  and  off  manually.  Each  time  the  RF 
power  was  turned  on  a  faint  glow  was  seen  through  the  ceramic  window.  No  light  could  be  seen 
at  the  other  ’’windowtron"  window,  even  with  the  arc  detector,  indicating  that  the  discharge  re¬ 
sponsible  for  the  light  was  restricted  to  the  near  vicinity  of  the  incident  power  window.  After 
several  hours  of  turning  off  and  then  restoring  the  power,  the  window  "cleaned  up”  and  was  even¬ 
tually  broken  at  140  kW  CW.  The  break  occurred  without  any  indication  of  light  coming  from  in¬ 
side  the  "windowtron"  prior  to  the  actual  break.  At  that  time  all  sensors,  i.  e.,  vac  ion  moni¬ 
tor,  reflected  power  monitor,  and  arc  detector,  indicated  a  fault.  The  failure  occurred  at  a 
power  level  very  close  to  that  predicted  for  heating  due  to  dielectric  losses  and  is  therefore  a 
confirmation  of  the  validity  of  that  calculation.  The  accuracy  of  these  predictions  was  further 
demonstrated  later  at  Eimac  where  a  beryllium  oxide  window  failed  at  about  700  kW  CW,  close 
to  the  750-kW  prediction. 

The  experience  in  the  Lincoln  high  power  RF  laboratory  demonstrated  that  both  RF  heating 
and  multipactor  bombardment  are  factors  in  window  failure,  the  latter  being  unpredictable. 

The  fact  that  a  window  has  been  "cleaned”  by  extended  or  repeated  processing  does  not  seem  to 
guarantee  that  it  cannot  somehow  become  contaminated  during  normal  operation  of  a  tube.  It  is 
reasoned  that  this  occurs  as  a  result  of  a  "gas  burst”  near  the  window  which  ejects  material  on 
the  window,  thereby  lowering  the  level  at  which  secondary  emission  can  occur.  This  may  be 
associated  with  seal  problems  which  have  long  been  considered  in  the  tube  industry  to  be  related 
to  the  window  failure  problem.  If  this  contamination  is  not  too  great,  it  can  be  cleaned  up  by  a 
low  intensity  multipactor.  This  has  been  done  with  several  klystrons,  both  the  100-kW  VA-879 
and  the  250-kW  VA-949,  which  have  exhibited  a  tendency  to  develop  multipactor  when  first  in¬ 
stalled  in  the  transmitter. 

As  a  result  of  the  high  power  laboratory  experience,  all  solid  state  arc  detectors  were  re¬ 
placed  by  detectors  similar  to  the  Varian  commercial  unit  which  employs  a  vacuum  tube  photo¬ 
multiplier.  These  are  incorporated  in  the  transmitter  control  system  in  such  a  way  that  the 
RF  drive  on  the  klystrons  will  be  turned  off  when  the  photomultiplier  current  exceeds  a  set 
threshold.  It  has  been  the  practice  in  breaking  in  new  tubes  to  run  them  at  a  power  level  which 
produces  a  photomultiplier  output  just  below  the  threshold.  This  allows  a  small  amount  of  multi¬ 
pactor  which  tends  to  clean  up  the  window  after  a  period  of  operation. 

The  specifications  for  the  VA -949AM  250-kW  CW  klystron  were  written  to  reflect  conserva¬ 
tism  in  the  window  design.  The  output  power  is  divided  within  the  vacuum  envelope  of  the  tube 
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and  the  power  removed  through  two  windows.  This  should  be  within  the  safe  operating  limits  of 
alumina  windows,  however  B^O  windows  were  specified  in  order  to  provide  a  further  margin  of 
safety.  It  later  developed  that  B^O  windows  are  apparently  less  prone  to  support  multipactor 
than  are  alumina  windows.  The  reason  for  this  is  not  understood  at  the  present  time. 

As  a  result  of  consideration  given  to  all  aspects  of  window  failure  and  the  conservatism  in 
the  design  approach  taken  with  the  VA -949AM,  there  has  not  been  a  single  klystron  failure  in 
the  Planetary  Radar  attributable  to  the  RF  window. 

IV.  HIGH  POWER  TRANSMISSION  SYSTEM 
A.  System  Description 

The  four  high  power  RF  output  ports  on  the  two  VA-949  klystrons  are  fed  through  four 
Raytheon  PXH26  circulators  into  the  four  input  ports  of  the  multimode  feed  horn.  Sensors  asso¬ 
ciated  with  the  control,  monitoring  and  protection  of  the  high  power  RF  amplifier  are  incorpo¬ 
rated  as  a  part  of  this  transmission  system.  Figure  10  shows  the  details  of  the  transmission 
system  associated  with  one  of  the  klystrons  and  the  way  in  which  the  monitor  circuits  are  con¬ 
nected  in  order  to  provide  information  on  the  balance  between  the  two  klystrons,  and  to  allow 
measurement  of  the  total  transmitted  power. 

To  achieve  a  satisfactory  radiation  pattern  from  the  antenna,  it  is  necessary  that  the  four 
input  ports  be  excited  with  equal  amplitude  to  within  1.6  dB  and  equal  phase  to  within  11.5°.  One 
of  the  functions  of  the  monitoring  network  is  to  sample  the  forward  RF  power  in  each  of  the  four 
channels,  and  to  compare  these  samples  in  phase  and  amplitude  in  a  waveguide  hybrid  network. 
The  four  transmission  lines  from  the  klystrons  to  the  feed  horn  are  provided  with  directional 
couplers  which  sample  the  forward  going  wave  and  are  connected  to  bridge  circuits  composed 
of  folded  magic  tees.  These  couplers  are  constructed  in  matched  pairs  which  were  very  care¬ 
fully  adjusted  by  the  manufacturer  to  have  identical  coupling.  The  folded  magic  tee  used  in 
the  bridge  circuit  is  an  integral  part  of  the  coupler  pair.  It  is  symmetrically  located  so  that 
waves  transmitted  through  the  system  which  are  equal  in  amplitude  and  phase  with  respect  to 
the  input  flanges  of  the  assembly  cause  a  null  of  —  25  dB  or  better  to  be  achieved  at  the  differ¬ 
ence  port  of  the  folded  tee.  This  port  is  labeled  LINE  UNBALANCE  in  Fig.  10. 

The  two  bridges  associated  with  the  upper  and  lower  klystron  transmission  lines  are  con¬ 
nected  to  a  third  bridge  in  a  symmetrical  fashion  as  showTi  in  Fig.  10,  allowing  a  similar  com¬ 
parison  between  the  transmission  systems  of  the  two  klystrons.  Any  imbalance  between  trans¬ 
mission  channels  appears  as  an  error  signal  at  the  difference  port  of  one  or  more  hybrids. 

These  error  signals  are  available  to  the  operator  at  the  control  console.  Since  the  klystrons 
are  normally  operated  with  the  RF  drive  at  the  saturation  level,  equalization  of  the  power  out¬ 
put  of  the  two  tubes  is  best  obtained  by  adjustment  of  the  grid-cathode  voltages,  i.  e.,  adjustment 
of  the  perveance  of  the  klystron  gun.  The  adjustment  of  the  relative  phase  of  the  two  tubes  is 
accomplished  by  means  of  phase  shifters  in  the  RF  drive  channels.  It  is  necessary  that  the 
whole  microwave  system  be  symmetrical.  Because  of  tolerance  problems  associated  with  wave¬ 
guide  systems,  it  is  necessary  to  provide  line  length  adjustments  to  equalize  the  electrical 
lengths  of  the  four  transmission  lines.  This  is  done  in  the  following  manner: 

(1)  The  complete  microwave  system  is  assembled  up  to  and  including  the 
circular  polarizers  in  the  horn  feed.  A  short-circuiting  plate  is  bolted 
over  the  four-pipe  aperture  at  the  end  of  the  circular  polarizer.  A  spe¬ 
cial  four-way  power  divider  which  has  been  carefully  constructed  is  con¬ 
nected  to  the  flanges  normally  bolted  to  the  klystrons.  Detectors  are 
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connected  to  the  difference  ports  in  the  monopulse  circuits  and  in  the 
monitor  bridge  circuits. 

(2)  The  waveguide  is  shimmed  between  the  four-way  power  divider  and  the 
monitor  couplers  to  produce  nulls  at  the  detectors  on  the  three  differ¬ 
ence  arms  of  the  bridge  circuits.  This  assures  that  the  signals  are  in 
phase  at  the  reference  flanges  of  the  coupler  assemblies. 

(3)  It  is  necessary  that  the  transmitted  signals  be  in  phase  at  the  horn.  If 
they  are  in  phase,  deep  nulls  will  be  obtained  at  detectors  placed  on  the 
monopulse  difference  ports  when  the  feed  is  short  circuited.  Shims  are 
placed  in  the  transmission  lines  between  the  monitor  couplers  and  the 
feed  assembly  to  achieve  these  deep  nulls. 

(4)  After  this  alignment  has  been  achieved,  the  shims  are  removed  and  meas¬ 
ured,  and  copper  gaskets  of  the  proper  thickness  are  constructed  for  use 
in  the  high  power  system. 

When  the  actual  klystron  amplifiers  are  installed  and  operated,  the  perveanee  adjustments 
and  the  input  phase  adjustments  are  used  to  obtain  a  good  null  at  the  amplifier  unbalance  detec¬ 
tor,  Fig.  11.  It  was  found  that  the  tolerances  on  the  klystron  windows  and  output  sections  were 
such  that  it  was  sometimes  necessary,  when  changing  tubes,  to  re-shim  the  lines  connected  to 
a  single  tube  in  order  to  achieve  good  nulls  at  the  unbalance  detectors  associated  with  that  pair 
of  transmission  lines. 

In  the  initial  planning  of  the  500-kW  transmitter,  it  was  envisioned  that  a  phase  control  loop 
might  be  required  to  maintain  phase  balance  at  the  output  of  the  two  tubes.  It  was  later  reasoned 
that  this  should  not  be  necessary  if  the  tubes  met  the  stability  specifications.  This  was  subse¬ 
quently  demonstrated  to  be  the  ease  for  tubes  which  meet  specifications.  No  phase  correction 
loop  is  used  in  this  system  and  none  is  contemplated. 

B.  High  Power  Transmission 

Two  problems  presented  by  the  transmission  of  large  amounts  of  power  in  small  waveguides 
are  (1)  voltage  breakdown  in  the  dielectric  gas  filling  the  waveguide,  and  (2)  heating  of  the  wave¬ 
guide  because  of  the  finite  conductivity  of  the  waveguide  walls. 

1.  Voltage  Breakdown  in  Waveguide  Dielectric 

The  breakdown  power  in  watts  for  a  smooth  rectangular  waveguide  filled  with  dry  air  at 
atmospheric  pressure  and  above  is 


where  p  is  in  atmospheres,  T  is  the  absolute  temperature  of  the  air,  Tq  290°K,  a  and  b  are 
the  waveguide  dimensions  in  centimeters,  £  -  376.8  ohms,  and  Em  is  the  dielectric  strength  of 
the  gas  at  a  pressure  of  one  atmosphere  in  volts/em. 

At  high  frequencies  the  primary  ionization  due  to  electron  motion  is  the  only  mechanism 
1 2 

which  controls  breakdown.  The  presence  of  electron  sources  in  the  transmission  system, such 
as  (a)  series  areing  at  poorly  made  joints,  and  (b)  particles  of  foreign  material  which  are  heated 
to  ineandeseenee  by  the  microwave  field  (dust  for  example),  can  play  a  large  role  in  determining 
the  power  handling  capability  of  the  waveguide.  In  a  CW  system  the  presence  of  one  of  these  ion¬ 
ization  sources  will  surely  result  in  breakdown.  In  the  ease  of  high  peak  power  pulsed  systems, 
the  pulse  may  be  short  enough  that  the  breakdown  does  not  always  occur  even  though  series  are¬ 
ing  may  be  present  or  ineandeseent  dust  particles  may  be  observed  drifting  across  the  waveguide. 
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When  CW  systems  are  first  turned  on,  breakdown  may  be  experienced  until  dust  particles  are 
burned  out. 

Even  though  considerable  care  was  taken  in  the  cleaning  and  assembly  of  the  Haystack  com¬ 
ponents,  breakdown  problems  sometimes  began  to  appear  after  several  months  of  operation. 
Disassembly  of  the  transmission  system  revealed  unexplainable  small  black  specks  in  the  wave¬ 
guide.  Careful  chemical  cleaning,  washing  and  drying  removed  these  deposits  and  the  reassem¬ 
bled  system  functioned  without  trouble  for  another  considerable  length  of  time.  The  source  of 
the  contaminant  is  not  known.  However,  in  high  power  laboratory  experiments  using  fabricated 
components,  difficulty  was  experienced  on  several  occasions  when  the  RF  system  broke  down  at 
a  power  level  somewhat  lower  than  expected.  After  this  initial  breakdown  the  highest  power  level 
that  could  be  reached  before  another  breakdown  occurred  was  sometimes  as  much  as  an  order  of 
magnitude  lower  than  that  initially  achieved. 

Close  examination  of  the  RF  system  revealed  the  presence  of  corrosive  fluxes  which  had  ap¬ 
parently  been  driven  out  of  voids  in  the  fabricated  components  by  the  RF  heating  of  the  waveguide. 
Careful  cleaning  would  restore  the  system  to  its  original  capability,  but  it  was  never  possible 
to  rework  the  faulty  component  so  that  its  performance  was  brought  up  to  the  expected  value. 

When  this  sort  of  failure  occurred,  the  corrosive  materials  were  driven  throughout  the  micro- 
wave  system  so  that  the  whole  system  required  cleaning,  not  just  the  component  with  the  flaw. 
Because  of  this  type  of  experience,  high  power  components  were  purchased  only  from  a  source 
which  had  proven  its  ability  to  produce  fabrications  that  did  not  contain  entrapped  corrosive  ma¬ 
terial.  In  addition,  every  component  was  high-power  tested  well  beyond  its  requirements  before 
installation  in  the  Haystack  high  power  system. 

Two  standard  waveguide  sizes  are  employed  in  the  transmission  and  monitoring  system. 
WR-112  is  normally  used  in  the  7.7  to  8.0GHz  band  because  a  large  number  of  components  arc 
available  in  this  size.  However,  the  larger  size  WR-137,  can  be  used  as  high  as  8. 2  GHz 
and  was  ehosen  for  the  high  power  transmission  line  principally  to  ensure  as  large  a  margin  of 
safety  as  possible  against  voltage  breakdown.  The  smaller  WR-112  is  used  extensively  in  the 
receiving  circuits  and  in  the  monitoring  and  protection  system. 

The  calculated  breakdown  power  for  WR-137  waveguide  at  one  atmosphere  of  dry  air  is 
2.7  5  MW  at  a  temperature  of  290° K.  It  has  been  found,  experimentally,  that  if  proper  flanging 
and  gasketing  techniques  are  used,  and  care  is  given  to  component  fabrication,  reliable  per¬ 
formance  can  be  achieved  at  power  levels  considerably  in  excess  of  the  125-kW  CW  level  re¬ 
quired  in  the  planetary  radar.  Under  these  circumstances  it  is  not  necessary  to  operate  the 
waveguide  system  at  higher  than  atmospherie  pressure.  In  laboratory  resonant  ring  tests,  un¬ 
pressurized  breakdown  occurred  at  933  kW  at  a  cross-guide  coupler. 

2.  Heating  of  Waveguide 

The  heating  of  a  waveguide  is  directly  related  to  its  attenuation  which  may  be  expressed  as 


_X  (a/b)  +  2(\/2a  )2 
2a 
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a  1.58 


All  dimensions  are  in  meters,  a  in  dB/mcter,  o  -  conductivity  in  mhos/meter,  and  a  and  b 
are  the  waveguide  inside  cross  section  dimensions.  This  expression  gives,  for  pure  copper 
waveguide,  0.  079  dB/ meter  for  WR-112  and  0.051  dB/meter  for  WR-137  at  7840MHz.  OFHC 
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copper,  whose  conductivity  is  essentially  that  of  pure  copper,  was  used  as  a  waveguide  material 
throughout  the  Haystack  system.  In  a  high  average  power  system  such  as  the  Planetary  Radar, 
it  is  necessary  to  provide  cooling  for  the  waveguide  in  order  to  (a)  avoid  a  personnel  hazard, 

(b)  prevent  thermal  damage  to  electronic  devices  associated  with  the  transmission  system,  and 

(c)  prevent  a  reduction  of  the  voltage  breakdown  level.  The  seriousness  of  this  problem  may  be 
seen  when  it  is  realized  that  the  temperature  rise  above  ambient  for  a  horizontal  run  of  WR-13  7 
OFHC  copper  waveguide  cooled  only  by  natural  convection  and  radiation  would  be  about  3  00°C 
when  transmitting  an  average  power  of  50  kW. 

The  most  effective  cooling  method  is  to  remove  the  heat  in  a  fluid  such  as  water  so  that  it 
may  be  disposed  of  without  seriously  affecting  the  temperature  of  the  immediate  surroundings. 

A  satisfactory  method  is  to  secure  l/4-inch  copper  tubing  to  two  opposing  sides  of  the  waveguide 
and  to  flow  water  through  at  the  rate  of  about  1  gallon  per  minute. 

The  thermal  contact  with  the  waveguide  can  be  made  with  either  soft  solder  or  with  a  metal¬ 
bearing  epoxy,  some  of  which  have  heat  conducting  properties  equal  to  or  better  than  lead-tin 
solder.  In  any  case,  the  tubing  should  be  fastened  to  the  waveguide,  particularly  at  its  ends 
where  stresses  will  be  applied  during  attachment  to  the  water  system,  by  some  means  which  af¬ 
fords  greater  strength  than  lead  solder  or  epoxy.  Silver  soldering  a  spot  near  the  ends  of  the 
cooling  tubing  is  satisfactory. 

3.  Waveguide  Breakdown  Due  to  Flange  Joints 

High  power  laboratory  experience  has  shown  that  the  flanged  joint  represents  the  greatest 
uncertainty  in  a  transmission  system.  It  is  the  primary  cause  of  waveguide  breakdown  where 
care  has  been  taken  to  choose  components  whose  design  reflects  consideration  of  the  voltage 
breakdown  problem.  There  are  two  principal  causes  of  breakdown: 

(a)  The  flanges  do  not  make  a  good  metal-to-metal  contact.  The  resulting 
series  arcing  provides  a  source  of  ionization  which  precipitates  break¬ 
down  across  the  waveguide. 

(b)  The  joint  is  misaligned,  the  mating  waveguides  at  the  joint  are  not 
of  exactly  the  same  size,  or  the  opening  at  the  joint  has  been  de¬ 
formed  presenting  a  sharp  edge  to  the  electric  field. 

A  waveguide  gasket  has  frequently  been  used  to  help  overcome  the  flange  joint  problem. 
However,  commercially  available  gaskets  are  designed  primarily  to  provide  pressurization  and 
are  poorly  designed,  particularly  in  the  ease  of  the  smaller  waveguide  sizes,  to  satisfy  the  high 
power  RF  contact  requirements.  High  power  laboratory  experience  has  led  to  the  development 
of  a  flange,  gasket,  and  assembly  procedure  which  produces  results  greatly  superior  to  those 
of  anything  available  commercially.  This  has  been  done  in  a  way  which  is  completely  compatible 
with  Electronic  Industries  Association  (EIA)  standards.  In  this  scheme,  a  special  soft  copper 
gasket  is  clamped  between  two  stainless  steel  CPRF  (connector,  pressurizable,  rectangular, 
flat)  flanges  which  have  been  lapped  to  be  as  flat  as  possible.  After  the  waveguide  and  gasket 
openings  have  been  accurately  sized,  the  assembly  is  made  with  care  to  insure  accurate  align¬ 
ment  and  uniform  pressure  distribution  around  the  waveguide  periphery. 

The  ideal  flanged  joint  will  appear  to  the  microwave  field  as  though  there  were  no  joint  there 
at  all.  In  order  to  approach  this  ideal  as  closely  as  possible,  the  following  steps  are  taken: 

(a)  The  type  of  flange  used  is  that  in  which  the  copper  waveguide  goes  all 
the  way  through.  Socket  type  stainless  steel  flanges  are  not  suitable 
for  high  power  applications. 
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Fig.  1 1.  Gasket  for  use  with  CPRF  137  flange. 


Fig.  12.  Drill  jig. 


LIMIT  OF  MEASUREMENT  ACCURACY 


STAINLESS  FLANGES  WITHOUT  GASKET 
1  1  1  1  1  1  1  I  I  1-1  1  I  1  1  1  1  1  1  1  I 


35  7  9  11  13  15  17  19  21 

NUMBER  OF  TIMES  ASSEMBLED 


Fig.  13.  Measured  flanged  joint  conductivity  at  7.05  GHz  in  WR-112  waveguide. 
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(b)  The  waveguide  opening  and  the  gasket  opening  are  sized  to  the  maximum 
waveguide  dimension  with  a  sizing  plug  which  is  a  part  of  the  flange  drill 
Jig- 

(c)  The  holes  are  precision  drilled  so  that  dowel  pins  are  a  good  fit. 

(d)  After  the  sizing  operation  (and  drilling  if  the  holes  are  not  already  there) 
all  mating  surfaces  are  lightly  lapped  to  insure  flatness. 

(e)  The  assembly  is  made  by  aligning  the  joint  using  dowel  pins  in  two  oppos¬ 
ing  sets  of  holes  while  the  remaining  holes  are  bolted  up  using  precision 
high  strength  bolts.  The  dowel  pins  are  then  removed  and  bolts  inserted. 

Bolts  are  drawn  up  using  a  torque  wrench  to  50  inch-lb  for  WR-112  line, 
and  60  inch-lb  for  WR-137  line. 

The  force  required  to  draw  the  joint  together  so  that  the  copper  gasket  is  slightly  crushed 
and  in  good  contact  with  the  waveguide  is  sufficient  to  seriously  disturb  brass  flanges,  even  if 
they  are  extra  heavy.  Stainless  steel  flanges  have  proven  to  be  of  sufficient  strength  and  can  be 
bolted  many  times  without  fear  of  distortion.  The  CPR  configuration  is  the  only  standard  flange 
that  is  acceptable  for  high  power  systems.  The  bolt  holes  in  the  old  style  square  flange  are  too 
widely  spaced  and  too  far  from  the  waveguide  wall  to  provide  adequate  gasket  pressure.  Fig¬ 
ures  11  and  12  show  the  gasket  and  drill  jig  designed  at  Lincoln  Laboratory. 

The  Lincoln  Laboratory  gasket  does  not  incorporate  a  pressurization  seal  at  this  time,  al¬ 
though  one  could  easily  be  incorporated.  The  Haystack  system  is  unpressurized  except  for  about 
1/4  lb  nitrogen  overpressure  to  keep  the  waveguide  clean  internally.  The  plain  gaskets  provide 
a  sufficiently  tight  seal  to  limit  the  leakage  rate  to  a  tolerable  value.  A  seal  is  desirable,  how¬ 
ever,  because  there  are  many  components  in  the  Haystack  transmitter  which  must  be  cooled  by 
the  distilled  water  system.  Occasionally  a  water  fitting  develops  a  leak  or  a  plastic  pipe  pulls 
out  of  a  connector  spraying  considerable  water  on  the  waveguide  assembly.  This  tends  to  seep 
down  into  the  flange  joints  and  has  on  a  few  occasions  produced  corrosion  of  the  copper  gasket 
and  waveguide  in  the  area  where  a  metal  to  metal  contact  must  be  maintained.  This  has  not  yet 
been  a  serious  problem,  but  a  gasket  incorporating  a  seal  is  under  consideration  for  future  use. 

Stainless  steel  is  very  lossy  compared  to  copper.  In  extremely  high  power  systems  it  is 
prudent  to  insure  that  only  copper  is  exposed  to  the  RF  field.  Socket  type  flanges  are,  therefore, 
not  acceptable  because  the  flange  material  forms  a  short  section  of  waveguide.  In  addition,  the 
stainless  steel  is  so  hard  that  it  cannot  be  properly  sized  to  insure  a  smooth  joint. 

It  has  sometimes  been  the  practice  to  butt  two  flanges  together,  thus  eliminating  the  gasket 
where  pressurization  is  not  a  problem.  This  works  reasonably  well  using  brass  or  aluminum 
flanges.  However,  it  has  been  found  that  for  stainless  steel  flanges,  the  machining  and  lapping 
process  will  remove  copper  faster  than  stainless  steel,  and  as  a  result  flange -to -flange  joints, 
where  through-type  stainless  flanges  are  used,  will  have  a  small  gap  between  the  ends  of  the 
copper  waveguides.  This  can  lead  to  series  arcing  in  high  power  systems.  The  joint  is  also 
more  lossy  than  would  be  obtained  with  a  proper  copper-to-copper  contact  (see  Fig.  13). 

Figure  14(a)  shows  the  results  of  some  high  power  tests  of  flanged  joints  when  extreme  care 
was  used  in  the  assembly.  Both  the  gasket  opening  and  the  waveguide  openings  were  sized  each 
time  the  joint  was  assembled.  The  gasket  orientation  was  not  preserved,  however.  The  curve 
marked  "Lincoln  Gasket"  is  for  the  gasket  shown  in  Fig.  10.  Gasket  "A"  was  an  experimental 
gasket  in  which  the  contact  area  at  the  waveguide  opening  had  been  reduced  in  order  to  apply  a 
greater  contact  pressure.  The  result  was  that  a  very  thin  lip  would  turn  down  in  the  waveguide 
when  pressure  was  applied.  This  could  not  be  removed  by  sizing  alone,  but  could  be  removed 
by  a  combination  of  sizing  and  lapping  of  all  mating  surfaces.  In  a  practical  system  it  is  not  con¬ 
venient  to  lap  all  surfaces  for  each  assembly  so  this  design  was  not  used. 
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TABLE  IV 

HIGH  POWER  TEST  RESULTS* 

Component 

CW  Power 
ot  Breokdown 
(kW) 

Woveguide  Size 

H-plane  hybrid  (1) 

170 

WR-112 

H-plone  hybrid  (1) 

200 

H  orm  WR-137 
other  ports  WR-1 12 

Short  slot  hybrid  (2) 

205 

WR-137 

E-plone  hybrid  (1) 

155t 

WR-112 

OMT  (2) 

272t 

WR-112 

OMT  plus  polarizer  (2) 

257t 

WR-1 12 

Circulators  (5) 

0) 

175t 

200 1 

WR-137 

WR-137 

Window  (B^O)  (1) 

430 1 

WR-137 

Rejection  filter  (1) 

(8.050  GHz) 

175 

WR-112 

*  Test  frequency  =  7.  75  GHz 

t  D id  not  break  down. 
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NUMBER  OF  TIMES  ASSEMBLED 


NUMBER  OF  TIMES  ASSEMBLED 


Fig.  14(a).  Average  breakdown  power  far  several  Fig.  14(b).  Average  breakdown  power  far  several 
WR-112  gaskets  precision  sized  and  oligned  for  WR-1  12  gaskets  that  were  not  precision  sized  and 
eoch  assembly.  aligned  for  each  assembly. 

Figure  14(b)  shows  essentially  the  same  joint  behavior  when  the  sizing  operation  and  the  use 
of  dowel  pins  for  alignment  are  eliminated  from  the  procedure.  It  should  be  mentioned  that  the 
gasket  and  waveguide  openings  were  sized  when  the  bolt  holes  were  drilled.  The  Parker  seal 
comes  drilled  but  most  of  them,  as  received  from  the  manufacturer,  have  had  undersized  wave¬ 
guide  openings.  These  were  all  brought  up  to  the  standard  opening  with  the  sizing  plug. 

Since  this  series  of  tests  was  conducted,  the  Lincoln  gasket  has  been  successfully  used  at 
Haystack.  Some  of  the  joints  have  been  broken  many  times  and  the  gaskets  reused  without  any 
apparent  degradation  of  the  transmission  system. 

V.  HIGH  POWER  COMPONENT  DEVELOPMENT  AND  TESTING 

A.  Introduction 

It  is  well  known  that  practical  CW  waveguide  transmission  systems  do  not  even  closely  ap¬ 
proach  the  power  handling  limit  calculated  for  smooth  waveguide.  So  little  data  were  available 
at  the  beginning  of  the  Haystack  program  that  it  was  necessary  to  evaluate  the  power  handling 
capability  of  commercially  available  components  as  well  as  to  develop  those  special  devices  re¬ 
quired  by  the  system.  In  order  to  establish  practical  limits  of  power  handling  capability,  sev¬ 
eral  individual  items  of  the  same  type  were  tested  whenever  possible.  These  included  direc¬ 
tional  couplers,  bends,  orthogonal  mode  transducers,  quarter  wave  plates  (circular  polarizers), 
hybrids,  ferrite  circulators,  filters,  and  flanged  joints  (see  Table  IV). 

B.  High  Power  Traveling  Wave  Resonator 

1 3 

The  tests  were  carried  out  using  a  high  power  traveling  wave  resonator,  a  well  known 

technique.  A  traveling  wave  resonator,  or  resonant  ring,  consists  of  a  closed  loop  of  waveguide 

which  is  an  integral  number  of  guide  wavelengths  long.  RF  power  is  coupled  into  the  ring  by 

means  of  a  directional  coupler.  If  the  coupling  value  is  chosen  so  that  all  the  available  RF  en- 

14 

ergy  will  be  absorbed  by  the  ring,  the  ring  gain  will  be  given  by 


21 


Vpt  ■  (0 ' 7T7 

where  P„  is  the  forward  power  in  the  ring,  P  is  the  forward  power  from  the  transmitter,  C 
is  the  coupling  factor,  and  T  is  the  ring  transmission  factor.  For  this  case,  the  gain  in  dB  is 
equal  to  the  magnitude  of  the  coupling  value  in  dB.  If  the  ring  is  lossless  (i.  e.,  no  energy  can 
be  dissipated  in  the  ring),  the  gain  would  be  approximately  6dB  greater  than  the  coupling  value, 
actually  5.8  dB  when  using  a  10  dB  coupler.  The  ring  used  in  high  power  testing  the  components 
for  the  Haystack  radar  used  a  10-dB  directional  coupler  and  had  a  power  gain  of  12  to  14  dB  de¬ 
pending  upon  the  loss  of  the  component  under  test.  Using  a  VA-849  klystron  (nominal  25-kW 
output)  as  a  power  source,  ring  power  levels  of  over  500  kW  CW  were  obtained. 

When  breakdown  occurs  in  a  ring  resonator,  the  voltage  at  the  arc  is  reduced  to  the  sustain¬ 
ing  voltage  of  the  arc  and  the  ring  is  detuned  by  the  reactance  presented  by  the  arc.  As  a  result, 
the  power  dissipated  in  the  arc  is  low,  of  the  order  of  the  transmitted  power  multiplied  by  the 
coupling  value  (typically  —  1 0  dB  or  less).  This  self  limiting  feature  of  a  resonant  ring  minimizes 
arc  damage  when  breakdown  occurs.  In  addition,  fast  turn-off  circuits  are  employed  to  turn  off 
the  RF  source  as  a  further  safeguard  in  limiting  component  damage.  The  fast  turn-off  circuits 
are  activated  by  signals  from  light  sensing  detectors  and  reverse  power  couplers  which  arc  so 
arranged  that  arc  faults  are  detected  as  soon  as  they  occur.  Similar  more  sophisticated  circuits 
are  used  in  the  Haystack  microwave  system  to  protect  the  high  power  klystrons  and  other  com¬ 
ponents  from  serious  damage. 

Resonant  rings  in  both  WR-112  and  WR-137  waveguide  were  employed  in  the  Haystack  pro¬ 
gram.  They  were  assembled  from  a  stock  of  carefully  constructed  components  with  special  at¬ 
tention  given  to  the  quality  of  the  flange  joints.  Coupling  to  the  fixed  tuned  rings  was  accom¬ 
plished  with  sidewall  multi-hole  couplers.  Their  lengths  were  made  such  that  resonance  was 
obtained  reasonably  close  to  the  test  frequency  (7. 7  5  GHz).  Final  adjustment  was  made  by  mov¬ 
ing  the  test  frequency  within  the  pass-band  of  the  klystron  amplifier  serving  as  the  power  source. 

One  of  the  most  difficult  problems  in  ring  testing  is  to  reduce  the  amplitude  of  the  back  cou¬ 
pled  wave.  This  backward  wave  is  produced  by  imperfections  in  the  directional  coupler  and  by 
reflections  in  the  ring,  usually  those  produced  by  the  component  under  test.  In  almost  all  cases 
it  was  possible  to  reduce  the  back  wave  to  —  20dB  or  lower  by  various  techniques  which  arc  fa¬ 
miliar  to  ring  users.  In  the  case  where  circulators  are  tested  the  back  wave  is  automatically 
terminated  so  that  the  ring  adjustment  procedures  are  greatly  simplified. 

In  high  power  component  development,  it  is  desirable  to  ascertain  the  point  in  the  transmis¬ 
sion  system  where  breakdown  occurs.  The  test  circuits  are  customarily  set  up  so  that  one  can 
observe  the  component  under  test  through  a  viewing  port  usually  located  in  a  waveguide  bend. 

Even  if  the  point  where  breakdown  occurs  is  visible  it  is  often  difficult  to  accurately  determine 

its  position.  Furthermore,  if  fast  turn-off  circuits  triggered  from  an  optical  arc  detector  are 

1 5 

used,  the  eye  will  not  be  able  to  see  the  breakdown.  A  scheme  was  suggested  by  Brown 
which  enables  the  arc  to  be  located  within  about  ±1  cm.  In  this  scheme  an  oscilloscope  is  trig¬ 
gered  from  a  reverse  power  detector  or  an  optical  arc  detector  when  the  arc  occurs.  A  small 
microphone  picks  up  sound  waves  generated  by  the  arc.  These  arc  applied  to  the  oscilloscope. 
The  length  of  the  sweep  out  to  the  point  when  acoustic  signals  begin  to  appear  is  a  measure  of 
the  distance  from  the  microphone  to  the  arc. 
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The  velocity  of  sound  in  air  at  one  atmosphere  pressure. 


v  =  33,145 


cm/ sec 


where  T  is  the  absolute  temperature,  must  be  corrected  for  the  viscosity  of  the  air  which  tends 

17 

to  reduce  the  velocity  when  it  is  confined  in  a  pipe: 


where  c  is  the  perimeter  of  the  pipe  and  s  the  cross  sectional  area,  p/p  is  the  kinetic  viscos¬ 
ity  constant  equal  to  1.75  cmVsec  for  air  at  40°C  and  a  pressure  of  one  atmosphere.  This  cor¬ 
rection  reduces  the  velocity  by  0.3  percent  for  WR-13  7  waveguide  at  a  frequency  of  70  kHz. 

1 8 

The  presence  of  water  vapor  increases  the  velocity 


v 


1 


_ v _ 

n/T  -  0.38  (P1/P) 


where  is  the  partial  pressure  of  water  vapor  and  P  the  atmosphere  pressure.  A  partial  pres¬ 
sure  of  1  mmHg  of  water  vapor  will  increase  the  velocity  of  sound  by  0.25  percent  at  a  pressure 
of  one  atmosphere. 

The  RF  discharge  produced  by  waveguide  breakdown  heats  the  air  and  produces  a  shock 
wave.  When  the  system  is  protected  by  fast  turn-off  switches  the  shock  wave  does  not  have  time 
to  grow,  so  the  overpressure  is  extremely  small  and  no  correction  is  necessary.  For  25  kW 
power  level  at  7. 75  GHz  the  peak  shock  strength  occurs  about  300psec  after  the  initiation  of  the 
discharge  in  the  waveguide.  The  resulting  overpressure  is  about  0.1  and  appears  to  be  propor¬ 
tional  to  the  applied  RF  power.  Fast  turn-off  circuits  can  remove  the  power  in  less  than  5  [isec. 

For  microwave  systems  not  protected  by  fast  turn-off  circuits,  the  velocity  of  the  shock 
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wave  must  be  taken  into  consideration.  The  velocity  of  weak  shock  waves  is  given  as 


v 


1 


V  (1  + 


v  ±  1  Ap . 

4y  P  } 


where  y  is  the  ratio  of  the  specific  heats  of  the  gas  (y  ^  1.4  for  air)  and  Ap/p  is  the  relative 
overpressure. 

This  technique  was  employed  in  connection  with  some  of  the  high  power  ring  tests  and  ap¬ 
pears  to  have  possible  applications  in  debugging  high  power  transmission  systems. 


C.  High  Power  Ferrite  Circulators 

The  requirement  that  both  orthogonal  circular  polarizations  be  received  for  the  moon  study 
program  necessitated  the  use  of  some  sort  of  fast-acting  duplexing  device  in  the  high  power 
transmission  system.  Because  of  the  apparent  impossibility  of  considering  a  scheme  which 
would  allow  this  duplexing  device  to  be  switched  out  during  CW  operation,  it  was  necessary  to 
design  the  system  to  handle  the  CW  power  as  well  as  to  perform  the  switching  function  in  the 
short  pulse  lunar  mode  of  operation.  The  successful  use  of  a  100-kW  circulator  in  the  older 
R/C  box  lead  to  the  development  of  a  much  smaller  and  improved  ferrite  circulator  which  could 
handle  the  125-kW  CW  to  be  transmitted  in  each  of  the  four  legs  of  the  high  power  transmission 
system.  The  circulator  developed  for  the  planetary  radar  installation  is  shown  in  Fig.  15  with 
its  water  cooled  loads  as  it  was  initially  installed  in  the  system  prior  to  the  incorporation  of  the 
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ISOLATION  (d8) 


Fig.  15.  Ferrite  circulotor  assembly  with  water 
cooled  loads. 


Fig.  16.  Low  level  characteristics  of  PXH-26 
circulotor. 


Fig.  17.  High  power  characteristics 
of  PXH-26  circulotor. 
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orthogonal  polarization  receiving  equipment.  Upon  installation  of  this  equipment,  the  load  lying 
parallel  to  the  body  of  the  cireulator  was  removed  and  connection  made  to  a  hybrid  summing  net¬ 
work  which  combined  the  outputs  of  the  four  eireulators.  Figure  16  shows  the  low  level  isolation 
and  VSWR  eharaeteristies  of  the  circulator.  The  wide  variations  in  isolation  between  ports  1  and 
3  are  due  to  the  combined  effects  of  the  directivity  of  the  input  hybrid  and  the  mateh  of  the  output 
hybrid.  The  isolation  between  ports  1  and  4  and  between  ports  2  and  1  are  directly  related  to  the 
differential  phase  shift  variation  with  frequency.  Low  level  measurements  show  an  insertion  loss 
of  0.12dB  of  which  0.03  dB  is  attributable  to  the  hybrids.  Calorimetric  measurements  show  a 
gradual  increase  in  loss  with  increasing  power  level  to  a  value  of  0.l6dB  at  175  kW  CW.  All  units 
were  tested  up  to  this  power  level  before  installation. 

The  high  power  performance  of  the  eireulator  is  shown  in  Fig.  17.  The  important  parameter 
here  is  the  isolation  between  terminals  1  and  3  as  this  bears  directly  on  the  leakage  expeeted  at 
the  receiver.  It  is  seen  that  this  isolation  is  for  praetieal  purposes  independent  of  power  level 
and  temperature  as  would  be  expeeted  because  this  parameter  does  not  depend  upon  the  differ¬ 
ential  phase  shift  properties.  The  back  wave  in  the  resonant  ring  in  which  the  rests  were  made 
was  about  36  dB  below  the  forward  wave.  This  corresponds  to  a  VSWR  of  about  1.03  which  cheeks 
closely  with  the  low  level  measurements. 

The  measured  isolation  of  31  dB  at  125  kW  eould  be  as  low  as  27  dB,  if  the  worst  case  com¬ 
bination  of  the  coupled  field  phase  and  the  phase  of  the  1.03  mismatch  were  taken.  With  a  termi¬ 
nation  VSWR  of  1.2,  the  power  eoupled  to  the  receiver  eould  be,  in  the  worst  ease,  only  17.4dB 
below  the  transmitted  power.  At  500  kW  CW  this  is  9  kW.  The  present  system  VSWR  as  seen  by 
the  eireulator  is  about  1.1;  however,  with  a  linear  polarized  feed  this  value  would  probably  in¬ 
crease  to  about  1.2  beeause  the  energy  refleeted  back  into  the  feed  would  now  return  through  the 
high  power  lines.  The  RF  system  was  designed  with  this  eventuality  in  mind. 

VI.  RECEIVING  SYSTEM 
A.  General  Description 

The  receiving  system  is  configured  to  perform  both  radar  and  radiometrie  functions.  Pro¬ 
visions  have  been  made  for  the  reception  of  both  right-hand  and  left-hand  circularly  polarized 
signals  using  either  masers  or  low  noise  parametric  amplifiers  as  the  principal  aetive  elements 
of  the  system.  In  the  radar  mode  the  system  radiates  right-hand  eireularly  polarized  signals. 
The  principal  return,  left-hand  eireularly  polarized,  is  received  direetly  through  the  orthogonal 
summing  network  associated  with  the  feed  system.  The  right-hand  polarized  return  signals  pass 
through  the  four  eireulators  and  are  summed  in  a  hybrid  network.  During  the  initial  phase  of  the 
planetary  radar  observations,  only  the  principal  return  was  received,  being  amplified  by  a 
traveling-wave  maser  in  a  batch-filled  helium  dewar.  For  moon  studies  and  Venus  observations 
near  inferior  conjunction,  it  is  desirable  to  simultaneously  reeeive  the  two  orthogonal  eireularly 
polarized  returns.  Provisions  have  been  made  to  aeeommodate  two  masers  in  a  batch-filled 
dewar,  but  this  configuration  will  only  be  used  if  the  operation  of  two  masers  in  the  Air  Produets 
and  Chemicals,  Ine.,  elosed-eyele  refrigerator  proves  to  be  impractical.  For  moon  mapping 
purposes  and  for  Venus  observation  at  inferior  eonjunetion,  the  return  is  strong  enough  to  use 
low-noise  parametric  amplifiers. 

The  simplified  block  diagram  of  Fig.  18  shows  how  the  system  provides  for  three  operating 
modes:  (1)  planetary  radar,  (2)  moon  observations,  and  (3)  radiometry.  In  the  planetary 
radar  mode  a  very  long  high  power  pulse,  10  to  20  minutes  in  duration,  is  transmitted.  The 


Fig.  18.  Simplified  diagram  of  principal  polarization  receiving  channel. 

auxiliary  line  mechanical  switch  is  set  to  divert  the  leakage  from  the  transmitter  into  the  high 
power  load.  Both  the  TR  switch  (mechanical)  and  the  radiometer  switch  (mechanical)  are  ac¬ 
tuated  in  this  mode,  disconnecting  the  receiver  when  transmitting  and  providing  isolation  which 
reduces  the  average  transmitter  leakage  into  the  receiver  to  —87  dBm.  This  is  sufficient  to  pre¬ 
vent  maser  saturation  which  occurs  at  an  average  power  of  about  —70  dBm.  During  planetary 
radar  operation  the  cold  load  switch  (mechanical)  is  positioned  so  as  to  reduce  to  a  minimum 
the  leakage  to  the  receiver  through  the  auxiliary  receiver  line.  The  transmission  losses  be¬ 
tween  the  multimode  horn  and  the  maser  input  flange  when  receiving  are  shown  in  Table  V. 

For  moon  mapping,  the  transmitter  operates  at  a  high  repetition  rate,  low  duty  cycle. 
Mechanical  switching  is  far  too  slow  for  this  mode  of  operation,  so  an  auxiliary  receive  line  has 
been  incorporated  which  includes  a  ferrite  switch  and  a  pulsed  gas-tube  attenuator  to  protect  the 
maser  from  transmitter  leakage.  The  polarization  decoupling  in  the  feed  network  is  24  dB  and 
the  ferrite  switch  decoupling  22  dB.  The  isolation  provided  by  the  gas  attenuator  is  a  decreasing 
function  of  the  incident  peak  power*  but  is  adequate  in  the  power  range  used  for  lunar  experi¬ 
ments  to  prevent  maser  saturation.  The  receive  insertion  loss  for  this  operating  mode  is  shown 
in  Table  V. 

In  the  radiometer  mode  the  TR  switch  is  held  in  the  receive  position  and  the  cold  load  switch 
is  positioned  to  connect  the  cold  load  to  the  receiver.  The  radiometer  switch  is  activated  to  al¬ 
ternately  couple  the  antenna  and  the  cold  load  to  the  maser  receiver.  The  receiver  losses  for 
this  mode  are  the  same  as  for  the  planetary  radar  mode. 


*  Refer  to  Sec.  Vl-F  which  describes  the  pulsed  gas  attenuator. 
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TABLE  V 

PLANETARY  RADAR  RECEIVER  LINE  LOSSES 

Main  Receiver 

Auxiliary  Receiver 

Line  Loss 

Line  Loss 

Component 

(dB) 

(dB) 

Circular  polarizer 

0.012 

0.012 

OMT 

0.02 

0.02 

3-inch  waveguide 

0.006 

0.006 

E-plane  tee 

0.008 

0.008 

20.  7-inch  waveguide 

0.041 

0.041 

8-1/4-inch  H  bends 

0.017 

0.017 

H-plane  tee 

0.010 

0.010 

TR  switch 

0.058 

0.058 

10-inch  waveguide 

0.02 

Auxiliary  line  switch 

0.08 

3-1/2-inch  waveguide 

0.007 

26-dB  coupler 

0.017 

7-1/2-inch  waveguide 

0.015 

Ferrite  switch 

0.  11 

8-1/2-inch  waveguide 

0.017 

Pulsed  attenuator 

0.054 

4-inch  waveguide 

0.008 

Cold  load  switch 

0.04 

19-inch  waveguide 

0.038 

1  7  flange  joints 

0.012 

Radiometer  switch 

0.058 

0.058 

10-1/4-inch  twist 

0.020 

26-dB  directional  coupler 

0.017 

7  flange  joints 

0.005 

Total  Circuit  Lass: 

0.272 

0.648 

Naise  Contribution 

1 7. 2°K 

40°K 

(270°K  environment) 
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The  radiometer  performs  as  calculated  using  the  law  of  the  radiometer 


20,21 


K .  T 
1  s 

\f tB 


where  T  .  is  the  minimum  detectable  temperature,  K.  =  2  is  the  receiver  calibration  constant 
min  1 

for  the  Dicke  radiometer,  B  is  the  predetection  bandwidth,  t  is  the  integration  time,  and  Tg  is 
the  system  temperature.  This  system,  using  the  maser  receiver,  has  proven  to  be  an  excep¬ 
tionally  good  radiometer  for  observation  of  both  the  continuum  and  spectral  lines. 


B.  Receiver  Monitoring  and  Alignment 

The  receiving  system  has  been  provided  with  circuits  which  can  be  used  to  align  the  maser 
(or  parametric  amplifier)  and  to  monitor  and  test  the  performance  of  the  complete  receiving  sys¬ 
tem  (see  Figs.  18  and  19).  To  measure  the  gain  of  the  low  noise  RF  front  end,  signals  from  the 
swept  RF  generator  are  alternately  fed  into  the  maser  input  and  the  mixer  preamplifier  input  by 
changing  the  setting  of  the  maser  gain  switch.  A  precision  RF  attenuator  in  the  sweeper  is  used 
to  adjust  the  13  0-MHz  IF  output  to  a  constant  value.  For  the  nominal  values  of  coupling  shown 
in  Fig.  18,  the  gain  of  the  maser  will  be  11  dB  plus  the  change  in  the  precision  attenuator  setting 
required  to  maintain  a  constant  IF  level  as  the  maser  gain  switch  is  actuated. 
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Fig.  19.  Test  circuit  diagram. 


A  commercial  waveguide  noise  source  is  provided  for  the  measurement  of  receiver  and 
system  noise  temperatures  by  the  familiar  Y-factor  method.  The  noise  level  at  the  input  to  the 
low  noise  first  stage  may  be  accurately  calibrated  by  comparison  with  the  output  of  the  liquid 
helium-cooled  load. 

A  waveguide  switch  is  interposed  between  the  noise  source  and  the  couplers  to  the  receiver 
lines.  This  waveguide  switch  permits  a  fast  acting  PIN  diode  switch  to  be  inserted  into  or  re¬ 
moved  from  the  test  line  at  will.  The  diode  switch  is  employed  for  the  injection  of  noise  cali¬ 
bration  pulses  into  the  auxiliary  receiver  line  during  short -pulse  operation  of  the  radar. 

The  signal  simulator  provides  a  highly  stabilized  7840-MHz  signal  for  the  purpose  of  cali¬ 
brating  the  low  noise  stage.  The  output  frequency  is  synthesized  from  stable  signals  at  100  and 
3  0  MHz  originating  in  equipment  located  at  ground  level  and  a  7710-MHz  signal  generated  in 
equipment  located  in  the  PR  box.  The  resultant  7840-MHz  signal  is  fed  through  a  precision  at¬ 
tenuator  into  the  receiver  test  line.  Frequency  and  phase  variation  are  accomplished  at  ground 
level  by  varying  the  frequency  and  phase  of  the  100-MHz  signal.  The  7840-MHz  output  level  may 
be  varied  from  the  remote  operating  position  over  a  200-dB  range.  This  is  accomplished  with  a 
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0-  to  99-dB  programmable  precision  attenuator,  variable  in  1.0  dB  steps,  and  two  40-  and  60-dB 
attenuators  which  can  be  switched  in  or  out  by  the  operator.  With  this  combination,  any  attenu¬ 
ation  in  steps  of  1.0  dB  can  be  obtained  up  to  200  dB.  The  simulator  is  more  than  capable  of 
driving  the  first  stage  —  from  saturation  to  minimum  discernible  signal  (—165  dBm  in  the  case 
of  the  maser). 

The  simulator  can  also  be  used  to  generate  RF  pulses.  This  is  accomplished  by  two  solid- 
state  switches  in  the  100-  and  30-MHz  lines,  which  are  pulsed  on  and  off  simultaneously,  thereby 
causing  the  7840-MHz  output  signal  to  be  pulsed. 

To  insure  that  no  stray  signals  leak  into  the  receiving  system,  all  simulator  components 
which  may  leak  signals  are  packaged  in  a  shielded  enclosure. 

The  accuracy  of  the  measurements  made  with  a  system  using  very  low  noise  amplifiers  de¬ 
pends  upon  an  accurate  knowledge  of  the  effective  noise  temperature  of  the  system  and  its  com¬ 
ponents,  particularly  the  low  noise  RF  amplifier  serving  as  the  receiver  front  end.  For  the 
case  of  a  maser  front  end,  whose  effective  temperature  can  be  as  low  as  a  few  degrees  Kelvin, 
it  is  desirable  to  be  able  to  make  noise  measurements  to  an  accuracy  of  ±1°K  or  better. 


Fig.  20.  Equipment  configuration  for  determination  of  effective 
noise  temperoture  of  o  low  noise  receiver. 

The  noise  temperature  of  an  amplifier  is  determined  by  measuring  the  change  of  output 
power  when  two  accurately  known  noise  sources,  Tjj  (hot  source),  and  T^  (cold  source),  are 
alternately  connected  to  the  amplifier  input  as  shown  in  Fig.  20.  The  ratio  of  the  two  output 
powers  is  known  as  the  Y  factor  and  is 

<TH  +  V  GBK  v  TH  +  Te 
(T c  +  Te)  GBK  Y  Tc  +  Te 

where  B  is  bandwidth,  G  is  the  amplifier  gain  assumed  here  to  be  invariant  during  the  time  the 
measurement  is  being  made,  K  is  Boltzmann's  constant  equal  to  1.38  x  10  watt-sec/°K,  and 
Tp  is  the  effective  noise  temperature  of  the  amplifier.  The  Y  factor  is  customarily  read  from 
a  precision  IF  attenuator  which  is  used  to  adjust  the  input  to  the  detector  to  a  constant  value. 
The  effective  noise  temperature  of  the  low  noise  amplifier  is  then 


The  absolute  error  introduced  by  the  uncertainty  in  the  actual  temperature  of  the  noise 
sources  is  found  to  be 

TH  <TC  +  Te>  ATH 
(at  )  =  — — - — - —  - — 

'  «’H  th-tc  th 

,.T  ,  .  Tc  IT,,  *  V  ATc 

1  e  C  T  —  T  T 

H  C  C 
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The  effect  of  inaccuracies  in  the  knowledge  of  the  temperatures  of  the  hot  and  cold  loads  on  the 
absolute  error  in  the  measurement  of  Tp  is  the  same  for  both  noise  sources  for  the  limiting 
case  where  T^  -*  0.  However,  for  a  finite  receiver  temperature,  the  contribution  of  error  by 
the  hot  load  increases  more  rapidly  than  that  of  the  cold  load  as  Te  grows  larger.  It  seems 
prudent  to  be  especially  critical  in  choosing  a  hot  load  for  precise  measurements. 

The  precision  of  the  measurement  is  affected  by  the  accuracy  with  which  Y  can  be  deter¬ 
mined  as  follows: 


(ATc>Y 


(T, 


+  T  )  (T 
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Examination  of  this  equation  shows  that  if  T^  is  large  compared  to  Tg,  the  change  in  the  error 
ATe  is  a  slow  function  of  T^.  The  value  of  should  be  chosen  as  high  as  possible  consistent 
with  maintaining  a  high  degree  of  precision  in  the  knowledge  of  its  temperature.  The  error  is 
an  increasing  function  of  T^  as  T^,  grows  larger.  The  cold  load  temperature  should,  therefore, 
be  kept  small  relative  to  the  receiving  noise  temperature  being  measured. 

Effects  of  change  of  gain  arc  indistinguishable  from  errors  due  to  the  uncertainty  with  which 
the  Y  factor  can  be  measured.  This  should  be  obvious  from  Fig.  20.  Because  the  gain  of  an  am¬ 
plifier  can  be  influenced  by  the  impedance  coupled  to  its  input,  care  must  be  taken  to  ensure  that 
the  effects  of  mismatch  variations  between  the  two  loads  (both  amplitude  and  phase)  arc  negligible. 

Once  the  low  noise  receiver  has  been  calibrated  and  an  accurate  cold  source  incorporated 
in  the  microwave  system,  the  effective  system  temperature  can  be  measured  in  the  same  man¬ 
ner  as  the  receiver  calibration  was  made  by  measuring  the  Y  factor  when  the  receiver  is 
switched  between  the  antenna  and  the  cold  load. 

For  this  case 


TC+Tr 

where  Tg  is  the  system  temperature  and  T^  and  Tr  arc  the  cold  load  and  receiver  temperatures, 
respectively. 

The  foregoing  discussion  of  measurement  errors  has  been  restricted  to  factors  important 

to  the  choice  of  hot  and  cold  loads.  More  comprehensive  discussions  may  be  found  in  the  liter- 
22-24 

ature.  Briefly  stated,  the  hot  load  temperature  should  be  much  larger  and  the  cold  load 

temperature  lower,  if  possible,  than  the  temperature  being  measured.  The  accuracy  with  which 
these  noise  sources  is  known  is  of  prime  importance.  In  particular,  the  hot  load  choice  should 
be  based  more  on  the  accuracy  with  which  its  calibration  is  known  than  on  obtaining  a  very  high 
temperature. 

For  low  noise  receiver  measurements,  a  hot  load  at  room  temperature  and  a  cold  load  re¬ 
frigerated  at  liquid  helium  temperature  represent  a  good  choice.  There  is  little  problem  with 
a  room  temperature  source  which  can  be  accurately  known.  However,  a  cold  load  which  is  ac¬ 
curately  known  is  not  a  trivial  device. 


C.  Maser 

In  order  to  achieve  a  system  temperature  of  less  than  75°K,  it  was  necessary  to  select  a 
preamplifier  with  a  noise  temperature  of  less  than  25CK.  At  the  time  this  choice  was  made,  a 
maser  was  the  only  available  amplifier  that  could  meet  this  requirement  in  the  frequency  range 
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Fig.  21.  Maser  components. 

7.500  to  8.000GHz.  As  a  result  of  competitive  bidding,  a  contract  was  given  to  Microwave 
Electronics  Corporation  of  Palo  Alto,  California,  for  a  traveling  wave  maser  amplifier.  This 
work  was  subcontracted  to  Quantum  Science  Corporation,  also  of  Palo  Alto,  which  designed  and 
constructed  the  maser. 

25 

The  Haystack  maser  is  of  the  traveling  wave  type,  employing  a  slow  wave  structure  which 
couples  the  RF  energy  to  the  ruby  material  responsible  for  the  maser  action  (see  Fig.  21).  Since 
there  is  no  preferential  direction  in  which  amplification  takes  place  in  this  type  of  maser,  it  is 
necessary  to  introduce  nonreciprocal  transmission  elements  in  order  to  achieve  a  stable  two- 
port  amplifier.  The  nonreciprocal  action  is  obtained  through  the  unidirectional  properties  of  a 
ferrite  resonance  isolator  which  is  an  integral  part  of  the  maser  structure.  The  ferrite  material, 
in  the  form  of  disks  appropriately  placed  with  respect  to  the  comb  structure  (see  Figs.  21  and  22) 
is  chosen  such  that  the  field  of  the  superconducting  magnet  associated  with  the  maser  is  correct 
for  gyromagnetic  resonance  in  the  ferrite  material  at  the  operating  frequency.  Reversal  of  the 
magnet  field  will,  of  course,  reverse  the  directional  in  which  amplification  can  take  place. 


AM 
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FERRITE  BUTTON 
ON  CERAMIC  BASE 


SLOW  WAVE  STRUCTURE 
{comb} 


GROOVE  FOR  CONTROLLING 
CUT-OFF  FREQUENCY 


RUBY  WITH  C  AXIS 
AT  54.7  DEGREES 


Fig.  22.  Typical  cross  section  of  a  traveling  wave  maser. 
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Fig.  23.  Energy  levels  (frequency  equiva lent)  for 
a  ruby  maser  with  the  magnetic  field  at  an  angle 
of  54.  7  degrees  to  the  crystal  C-axis. 


Fig.  24.  Input  VSWR  of  the  maser  amplifier  at  liquid  helium  temperature. 
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The  active  material  employed  in  these  amplifiers  is  A1^03  with  Cr+++  as  the  paramagnetic 
impurity  ion.  The  ruby  material  is  ground  so  that  the  principal  optical  axis  (C-axis)  is  at 
54.7  degrees  (the  "double  pump"  angle)  with  respect  to  the  applied  magnetic  field.  The  four  para¬ 
magnetic  energy  levels  for  ruby  at  this  orientation  are  shown  in  Fig.  23,  where  the  energy  level 
is  given  in  terms  of  its  frequency  equivalent. 

Two  important  parameters  determine  the  magnitude  and  uniformity  of  the  gain  throughout 
the  relatively  long  6-ineh  active  region  in  the  maser  structure:  (1)  the  variation  in  chromium 
concentration  throughout  the  ruby  material,  and  (2)  the  crystal  orientation  quality.  The  ruby 
employed  in  these  amplifiers  was  grown  by  the  Czochralski  method  which  is  capable  of  producing 
large  size  crystals  of  excellent  structural  characteristics.  The  uniformity  of  the  C-axis  orien¬ 
tation  in  this  material  was  measured  to  be  fractions  of  a  tenth  of  a  degree  rather  than  the  l/4-  to 
1 -degree  misorientation  typical  of  materials  grown  by  the  flame  fusion  method.  At  the  54.7- 
degree  orientation,  misalignment  of  the  crystal  axis  by  0.1  degree  causes  a  shift  in  the  center  fre¬ 
quency  of  the  ruby  line  of  more  than  10  megaeyeles.  The  gain  over  a  6-ineh  ruby  seetion  is  three 
to  four  times  higher  with  the  Czoehralski  grown  material  than  with  good  quality  flame-fusion 
grown  ruby. 

The  eomb  structure  in  the  Haystack  maser  has  a  passband  of  2 GHz.  Operation  is  limited 
to  less  than  half  of  this  range  by  the  input  mateh  shown  in  Fig.  24.  Because  of  the  symmetry  of 
the  device,  the  output  VSWR  is  essentially  the  same  as  the  VSWR  at  the  input.  A  transition  from 
waveguide  to  the  maser  input  having  a  VSWR  of  less  than  1.2  over  the  2-GIlz  band  has  been  de¬ 
signed  for  future  use. 

The  instantaneous  bandwidth  is  determined  by  the  ruby  line  width.  This  can  be  varied  a  cer¬ 
tain  amount  at  the  expense  of  gain  by  varying  the  magnetic  field  along  the  length  of  the  ruby.  The 
superconducting  magnet  contains  trim  coils  which  ean  be  energized  to  produee  magnetic  field 
variations  for  the  purpose  of  bandwidth  adjustment.  For  radar  operations  the  narrow  band  con¬ 
figuration  is  adequate,  typically  a  13-MHz  bandwidth  with  a  gain  of  37  dB.  For  radiometer  appli¬ 
cations,  the  maser  is  frequently  tuned  for  a  wider  bandwidth.  Table  VI  shows  the  parameters 
measured  during  the  acceptance  tests. 


TABLE  VI 

OPERATING  CHARACTERISTICS  OF  THE 

HAYSTACK  MASER 

Signol  frequency 

7840  MHz 

Pump  frequency 

20,640  MHz 

DC  mognetic  field 

3460  Gauss 

Gain 

30  dB 

Bondwidth  (3  dB) 

22  MHz 

Input  saturation  power  (for  0.5-dB 
goin  compression 

—  68  dBm 

Gain  instability  —  short  term,  5  min 

0.05  dB 

Gain  instability  —  long  term,  8  hr 

0.15  dB 

Gain  instability  during  motion 
(±  45°  from  the  verticol) 

<  0.20  dB 

Noise  temperoture 

8. 0  ±  2. 0°K 
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Fig.  25.  Gain  change  versus  pump  power  at  7.840  GHz. 


Fig.  26.  Gain  compression  versus  input  power 
at  7.  840  GHz  far  an  amplifier  gain  of  30  dB. 
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Gain  changes  are  very  important  in  both  radiometer  and  radar  use  of  the  receiving  system. 
Unlike  the  parametric  amplifier,  maser  gain  is  virtually  independent  of  pump  power  if  this  power 
is  greater  than  a  critical  value,  as  shown  in  Fig.  25.  The  maser  is,  however,  easily  saturated 
and  has  a  very  long  time  constant.  This  saturation  is  due  to  the  depletion  of  the  higher  energy 
state  by  a  large  signal.  Figure  26  shows  the  gain  compression  for  a  strong  signal  at  the  operat¬ 
ing  frequency.  Figure  27  shows  the  effects  of  strong  out-of-band  signals  on  maser  gain. 


FREQUENCY  (GHi) 

Fig.  27.  Out-af-band  power  level  that  compresses  gain  of  the 
maser  0.  5  dB  (freq  =  7.  840  GHz,  gain  =  30  dB). 

The  first  maser,  which  is  mounted  in  the  helium  dewar  (see  Fig.  28),  and  whose  performance 
is  shown  in  Table  VI,  contains  two  6-inch  ruby  sections  and  provides  considerably  more  gain 
than  required.  This  excess  gain  is  due  to  the  exceptionally  high  quality  ruby  material  which  be¬ 
came  available  after  the  maser  design  had  been  committed.  A  single  six-ineh  ruby  will  provide 
adequate  gain  to  satisfy  the  Haystack  radar  requirements  if  the  bandwidth  of  the  structure  is  re¬ 
duced  to  about  500  MHz.  Two  additional  maser  units,  each  containing  a  single  6 -inch  ruby,  with 
their  superconducting  magnets,  have  been  procured  and  are  being  installed  in  the  Air  Products 
and  Chemical,  lne.,  closed-cycle  refrigerator  shown  in  F  igs.  29  and  30.  This  assembly  will  re¬ 
place  the  batch-cooled  dewar  now  in  use  in  the  PR  box  and  provide  two  receiving  channels  for 
those  experiments  requiring  the  reception  of  the  two  orthogonal  polarizations.  The  dewar 
mounted  maser  will  be  used  for  radiometry  experiments,  a  purpose  for  which  it  is  better  suited 
than  the  refrigerator  mounted  maser  because  of  its  wide  tuning  range  and  greater  instantaneous 
bandwidth  capability. 

One  problem  of  refrigerator  operation  of  masers  is  the  requirement  to  maintain  the  maser 
temperature  constant  to  about  0.01  °  K.  This  stringent  requirement  arises  because  a  temperature 
change  of  0.1°K  will  result  in  a  maser  gain  change  of  1.0  dB.  The  Air  Products  refrigerator  has 
been  provided  with  a  temperature  controller  which  will  meet  this  requirement. 
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Fig.  28.  Hel  ium  dewor  with  moser  instol  led. 


Fig.  29.  Air  Products  refrigerator  (top  view  with 
vocuum  jacket  removed)  showing  woveguide  cor¬ 
rection  for  two  mosers. 


Fig.  30.  Photogroph  of  Air  Products  refrigerotor 
(bottom  view  with  vocuum  jocket  removed)  show¬ 
ing  one  moser  in  ploce. 
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D.  Cold  Load 


The  requirement  for  calibration  of  the  Haystack  system  noise  level  with  an  accuracy  of  a 
few  degrees  Kelvin,  and  for  furnishing  a  stable  reference  load  for  the  radiometer,  dictated  the 
choice  of  a  liquid  helium  cooled  load  rather  than  a  commercially  available  load  cooled  by  liquid 

22  26  2 7 

nitrogen.  Several  workers  '  *  have  reported  on  successful  helium  cooled  load  designs  which 

were  employed  either  for  system  calibration  purposes  or  for  the  evaluation  of  maser  amplifiers. 

The  Haystack  liquid  helium  cooled  load  design  was  based  on  the  experience  of  these  workers, 

22  27 

and  follows  for  the  most  part,  the  designs  of  Eisle  and  Penzios. 


Fig.  31.  Cut-away  view  af  Haystack 
cald  load. 


Figure  31  shows  a  eut-away  of  the  eold  load.  The  load  itself  is  a  spear  of  lossy  material 
contained  in  an  evacuated  waveguide  which  is  in  contact  with  the  liquid  helium.  The  helium  con¬ 
tainer  is  surrounded  by  a  vacuum  jacket,  a  nitrogen  container,  a  radiation  shield  and  another 
vacuum  space.  The  waveguide  connecting  the  load  to  the  room  temperature  environment  is  of 
thin  walled  stainless  steel  for  thermal  isolation.  The  inner  walls  of  the  waveguide  arc  electro¬ 
plated  with  a  thin  layer  of  copper  to  reduce  the  RF  losses.  The  waveguide  vacuum  window  con¬ 
sists  of  a  thin  mylar  sheet  which  is  clamped  at  the  bottom  of  the  liquid  helium  container. 

The  effective  load  temperature  at  the  input  flange  was  determined  both  by  calculation  and 
by  comparison  with  a  known  standard.  In  order  to  determine  the  thermal  parameters  necessary 
for  the  temperature  calculations,  a  prototype  load  was  built  in  which  a  number  of  thermocouples 
were  attached  to  the  waveguide  and  buried  in  the  load  material  itself.  The  cold  load  temperature 
has  been  determined  to  be  33  °K  when  cooled  with  helium  and  88  °K  when  cooled  with  nitrogen. 

The  hold  time  with  helium  cooling  is  approximately  4  hours  with  the  limitation  of  the  1 -liter  ca¬ 
pacity  of  the  helium  dewar.  The  hold  time  with  nitrogen  cooling  is  over  8  hours. 
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TABLE  VII 

INSERTION  LOSS  OF  CHOKELESS  SWITCHES  AT  7.84  GHz 

Loss 

Approximate  Frequency 

ot  7.84  GHz 

ot  Peok  Loss 

Switch 

(dB) 

(GHz) 

Notes 

Chokeless 

Model  WSO  2H1 1 

c  •  1  M  1  502 

Seriol  No.  ! 

0.013 

8.9 

|  503 

0.015 

8.9 

-0.012  dB  at  7.5  GHz 

Model  WSO  2H13 

0.018 

9.0 

-0.02  dB  ot  7.5  GHz 

0.023 

9.0 

0.026 

9.0  | 

-0.035  dB  ot  7.5  GHz 

0.027 

9.1  | 

Fig.  32.  Chokeless  switch  configuration. 
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The  temperature  achievable  in  a  cold  load  is  strongly  dependent  on  the  load  material.  The 
Haystack  load  uses  a  composition  material  which  is  inexpensive,  is  relatively  easy  to  fabricate 
into  a  well  matched  load,  and  is  well  behaved  at  low  temperatures.  Its  principal  disadvantage 
lies  in  the  fact  that  it  is  a  poor  thermal  conductor  and  consequently  cannot  be  cooled  to  the  4.2°K 
of  the  helium  bath.  Experience  has  shown  that  the  actual  temperature  of  this  type  of  load  is 
about  10°K  above  the  temperature  of  the  liquid  helium  A  load  which  efficiently  conducts  heat 
to  the  helium  bath  can  be  constructed,  but  with  a  great  deal  more  difficulty  and  expense.  Eislc 
used  ruby  whieh  had  been  coated  with  nichrome,  having  a  film  resistivity  of  500 ohms/square. 
Ruby  is  a  good  thermal  conductor  at  liquid  helium  temperatures.  There  are  other  possible 
choices  of  material  for  constructing  cold  loads  such  as  synthetie  sapphire,  beryllium  oxide, 
and  perhaps  polycrystalline  aluminum  oxide. 

The  Haystack  cold  load  is  suitable  for  the  purposes  for  which  it  was  intended,  but  its  effec¬ 
tive  temperature  is  somewhat  higher  than  desired  for  an  accurate  determination  of  the  effective 
noise  temperature  of  a  maser  amplifier. 

E.  Mechanical  Switches 

The  RF  switching  requirements  for  both  the  planetary  radar  mode  of  operation  and  the  radi¬ 
ometer  observation  allow  the  use  of  mechanical  switches.  The  familiar  four-port  transfer  switch 
is  best  suited  for  these  applications  which  require  that  a  waveguide  port  be  alternately  connected 
to  one  of  two  other  waveguide  ports. 

The  performance  of  the  switch  during  the  short  switching  interval  is  unimportant,  but  the 
circuit  must  be  well-matched  and  have  a  low  insertion  loss  at  all  other  times.  For  planetary 
radar  use  the  switch  must  also  be  capable  of  handling  the  transmitter  leakage  which  is  less  than 
5  kW  CW  for  full  power  operation. 

A  number  of  different  commerically  available  switches  have  been  evaluated  for  use  in  the 
Haystack  system.  Attention  was  focused  on  the  insertion  loss  which  varied  widely  among  the 
various  switch  types  tested.  Typical  data  are  shown  in  Table  VII  for  chokeless  switches  whieh 
gave  the  best  low  loss  performance  in  the  7.5  to  8.0GHz  frequency  range.  This  type  switch  de¬ 
sign  relies  on  a  very  close  spacing  between  the  rotor  and  stator  to  minimize  the  coupling  out  of 
the  main  waveguide  channel  and  on  lossy  material  placed  in  the  rotor  to  aehieve  high  values  of 
circuit  isolation.  Figure  32  shows  the  basic  design  configuration,  and  Fig.  33  the  equivalent 
microwave  circuit  for  this  type  switch. 

A  characteristic  observed  in  both  choked  and  unchoked  switches  is  that  there  is  a  fairly 
broad  low  loss  region  followed  by  a  rather  sharp  high  loss  peak.  In  some  switch  designs  this 
peak  occurred  near  the  Haystack  operating  frequency.  For  the  chokeless  switch  design  used, 
the  loss  peaked  at  about  9 GHz  as  shown  in  Fig.  34.  Calculations  of  switch  loss  based  upon  the 
equivalent  circuit  of  Fig.  35  agreed  quite  well  with  measured  results,  as  shown  in  Fig.  36,  when 
the  proper  values  of  loss  and  electrical  path  length  were  assigned  to  the  transmission  path  formed 
by  the  gap  between  the  switch  rotor  and  stator.  This  path  is  not  a  simple  waveguide  because 
there  is  coupling  around  the  top  and  bottom  of  the  rotor  through  the  mechanical  clearance.  One 
switch  rotor  was  lathe  turned  to  successively  smaller  diameters  in  order  to  measure  the  effect 
of  varying  the  clearance  gap  dimension. 

Experiments  were  also  conducted  in  an  attempt  to  improve  the  performance  of  switches  em¬ 
ploying  chokes  in  the  stator,  but  in  no  case  did  the  insertion  loss  reduce  to  as  low  a  value  as 
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INSERTION  LOSS  (d8) 


Fig.  33.  Equivalent  circuit  of  switch. 


Fig.  34.  Insertion  loss  for  several  chokeless  switches. 


Fig.  35.  Comparison  af  calculated  and  measured  results 
far  several  ratar  gap  spacings. 
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Fig.  36.  Pulsed  gas  attenuator  as  originally  designed  for  the  Haystack  radar. 
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Fig.  37.  Improved  pulsed  gas  attenuator. 

obtained  for  the  chokeless  switches.  Problems  of  higher  order  mode  resonances  were  encoun¬ 
tered  in  the  chokes  and  difficulty  was  experienced  in  obtaining  a  good  broadband  match  in  some 
cases. 

High  power  tests  of  the  chokeless  switches  were  conducted  up  to  the  5  kW,  CW  level  with¬ 
out  encountering  either  electrical  or  mechanical  problems.  It  was  observed  that  the  switch 
rotor  became  too  hot  to  touch  at  the  highest  power  levels,  indicating  that  some  form  of  cooling 
should  be  incorporated  for  any  application  requiring  the  transmission  of  still  higher  power. 

F.  Receiver  Protection  -  Gas  Attenuator 

The  block  diagram  of  Fig.  19  shows  how  the  receiving  system  has  been  configured  to  allow 
rapid  changeover  from  the  long  pulse  planetary  mode  of  operation  to  the  short  pulse  lunar  map¬ 
ping  mode.  For  this  short  pulse  mode,  with  its  relatively  high  pulse  repetition  frequency,  a 
fast  acting  transmit-receive  switch  is  required  to  isolate  the  receiver  from  the  transmitter  dur¬ 
ing  the  interval  when  high  power  RF  is  being  radiated.  The  mechanically  operated  switch  used 
for  planetary  radar  purposes  is  much  too  slow  to  be  useful.  The  scheme  shown  in  Fig.  19  em¬ 
ploys  a  Ferrotec  Model  R-521-LS  ferrite  switch  in  WR-112  waveguide  connected  in  tandem  with 
2  8 

a  gas  tube  attenuator  designed  at  Lincoln  Laboratory  (see  Fig.  36).  A  more  recent  pulsed  at¬ 
tenuator  development  (see  Fig.  37)  makes  it  possible  to  provide  adequate  receiver  protection 
without  the  use  of  the  ferrite  switch.  This  device  will  be  incorporated  in  the  system  during  a 
future  modification.  The  switching  time  for  the  ferrite  switch  is  150psec  to  the  90  percent  re¬ 
covery  point  and  is  determined  by  the  time  constant  of  the  magnetizing  solenoid.  The  gas  atten¬ 
uator  requires  about  lOOfisec  to  stabilize  when  the  plasma  discharge  is  turned  on.  When  the  dis¬ 
charge  is  turned  off,  the  recovery  time  to  3-dB  insertion  loss  is  about  250fisec.  Full  recovery 
takes  place  within  37  5p.sec.  Some  of  the  characteristics  of  the  ferrite  switch  and  of  the  pulsed 
attenuators  are  shown  in  Tables  VIII  and  IX. 

In  the  lunar  mapping  program,  the  pulse  length  used  may  vary  from  5  to  20p.sec  depending 
upon  the  area  of  the  moon  being  mapped.  The  repetition  frequency  is  determined  by  limitations 

imposed  by  the  computer  and  does  not  exceed  lOOpps  at  the  present  time.  The  highest  possible 

_3 

duty  factor  that  can  be  encountered  is  therefore  2x10 

The  average  power  at  which  the  maser  gain  is  compressed  by  0.5dB  is  —70  dBm.  The  max¬ 
imum  peak  transmitter  leakage  at  the  worst  obtainable  duty  factor  could  therefore  be  as  high  as 
—  43  dBm  without  seriously  affecting  maser  performance. 
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TABLE  VIII 

FERRITE  SWITCH  CHARACTERISTICS* 

Isolation 

1  >  25  dB  from  7.  7  to  8.  1  GHz 

1  30  dB  at  7.  84  GHz 

Insertion  loss 

1  <0.25  dB  from  7.  7  to  8.  1  GHz 
|<0.  15dBat  7.84  GHz 

VSWR 

<1.2  from  7.  7  to  8.  1  GHz 

Recovery  time 

150  |jsec  to  90  percent 

*  Coil  current  =  350  mA  (manufacturer's  data) 

TABLE  IX 

PULSED 

ATTENUATOR  CHARACTERISTICS 

Isolation 

Varies  with  incident  power  (see  text) 

Insertion  loss 

|  0.  04  dB  (old  model) 
j  0.  07  dB  (high  power  model) 

VSWR  (receiving) 

f<  1.  15  from  7.  7  to  8.0  GHz  (old  model) 
l<  1.  15  tunable  (high  power  model) 

Recovery  time 

|  <  250  psec  (3  dB) 

1  <  375  psec  (full  recovery) 

The  leakage  from  the  high  power  transmission  system  into  the  receiving  system  is  less  than 
5  kW  peak  when  the  transmitter  is  operating  at  full  power  (500  kW  peak).  In  the  case  of  the  prin¬ 
cipal  polarization  receiving  circuits  this  leakage  has  been  measured  to  be  less  than  2  kW  peak 
and  is  reduced  to  less  than  2  watts  peak  at  the  input  of  the  pulsed  attenuator  by  virtue  of  the  iso¬ 
lation  afforded  by  the  ferrite  switch.  The  pulsed  gas  attenuator  is  a  very  nonlinear  device  as 
is  evident  from  its  leakage  characteristics  shown  in  Figs.  38  and  39.  Because  of  this  extreme 
nonlinearity  it  is  unwise  to  extrapolate  performance  much  beyond  the  known  performance  region. 

In  order  to  understand  the  principal  of  operation  of  the  pulsed  gas  attenuator,  it  is  instruc¬ 
tive  to  consider  a  simple  model  consisting  of  an  elementary  transmission  line  composed  of  sc¬ 
ries  inductance  and  shunt  capacitance  in  which  a  portion  of  the  capacitive  element  will  consist 
of  a  plasma. 

The  propagation  constant  for  such  a  line  is  written  as 
y  =  VZY  =  jcon/TC  . 

The  plasma  may  be  considered  as  an  admittance  A^  loading  the  line 

A  -  Kle 
p  vdm^c  + 

where  e  and  m  are,  respectively,  the  charge  and  mass  of  the  electron,  v  is  the  collision  fre¬ 
quency,  I  is  the  total  current,  v^  is  the  electron  drift  velocity,  and  K  is  a  factor  which  takes 
into  account  the  fact  that  the  plasma  does  not  fill  the  whole  volume  of  the  transmission  line. 
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Fig.  38.  Pulsed  attenuator  CW  leakage 
characteristic. 


Fig.  39.  Pulsed  attenuator  leakage  characteristic. 
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The  propagation  constant  may  be  written 


Y  =  [jwL(jwC  +  A  )] 


1/2 


and  becomes 


y  = 


Kle 


2  2 
v  .rrHy  +  (jo  ) 
d  c 


-C  + 


v  / <j)  Kle 

vdm(^c2  +  “Z) 


211/4 


(cos  <t>  +  j  sin  $ ) 


where 


v  /<*>  Kle 
_ <r _ 

Kle  —  Cv,m(^  2 
d  c 


+  w 


This  equation  is  valid  for  generalized  TEM  transmission  line  when  the  plasma  density  is  not 
high  enough  to  perturb  the  electric  field.  Actually,  the  pulsed  attenuator  plasma  does  greatly  per¬ 
turb  the  fields,  which,  coupled  with  the  fact  that  waveguide  modes  are  involved,  makes  the  prob¬ 
lem  a  great  deal  more  complex.  However,  the  relationship  given  here  does,  in  a  simple  way, 
describe  the  phenomena  responsible  for  the  behavior  of  the  device. 

If  the  collision  frequency  v  is  allowed  to  go  to  zero,  which  would  correspond  to  an  electron 

c  2 

gas,  the  transmission  line  becomes  cut  off  when  Kle/v^mo;  =  C  and  will  not  propagate  in  the 
usual  sense  for  values  of  current  larger  than  the  critical  current.  This  is  the  basic  phenomenon 
responsible  for  the  behavior  of  the  pulsed  attenuator.  The  presence  of  gas  in  the  tube  provides 
a  neutral  plasma  and  an  easily  attainable  high  electron  density.  It  also  provides  a  loss  mecha¬ 
nism  which  modifies  the  behavior  of  the  attenuator  in  much  the  same  way  as  a  resistor  damps, 
or  lowers  the  Q  of  a  tuned  circuit.  As  the  current  increases  and  the  plasma  resistance  becomes 
lower,  the  waveguide  with  the  plasma-filled  tube  along  its  center  line  begins  to  appear  as  a  co¬ 
axial  line  with  the  plasma  being  a  lossy  center  conductor  whose  loss  is  decreasing  as  the  current 
increases.  The  waveguide  partially  filled  with  plasma  is  actually  a  very  complex  transmission 
system.  The  very  nature  of  the  device  as  it  is  realized  in  practice  provides  strong  coupling  to 
the  TEM  mode  at  the  transition  between  the  normal  waveguide  and  the  waveguide  which  is  par¬ 
tially  filled  with  plasma.  A  cross  section  view  of  the  pulsed  attenuator  is  shown  in  Fig.  40.  The 
series  impedance  represented  by  the  plasma  is 

Vdm("c  +  ^ 

Z  =  - * -  ohms/unit  length 


The  shunt  susceptance  due  to  the  capacitance  per  unit  length  of  the  plasma  center  conductor  to 


Fig.  40.  Cross  section  of  a  pulsed  ottenuotor. 


PLASMA  ADMITTANCE 

Ap  =  - - 

p  m  (vc  +  jw) 
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the  waveguide  walls  is  y  =  jcoC,  The  propagation  constant  for  the  coaxial  TEM  mode  becomes 


Y  = 


coCv,m  ~  1/4 

d  /  ,  2X 

- : -  {v  +  co  ) 

le  '  c  ' 


(cos  <t>  +  j  sin  <t> ) 


The  attenuation  in  the  TEM  mode  is  represented  by  the  real  part  of  the  above  expression.  At 
high  currents,  where  propagation  in  the  TEM  mode  is  expected,  the  attenuation  should  go  in¬ 
versely  as  the  square  root  of  the  current.  The  attenuation  characteristic  of  the  neon-filled  tubes 
used  at  Haystack  is  shown  in  Fig.  41.  The  attenuation  falls  off  at  high  currents  as  expected. 


|l-3i  n6li  | 


Fig.  41.  Contours  of  constant  ottenuotion  (dB/cm)  for  neon-filled  ottenuotor. 


The  attenuation  data  shown  in  Fig.  41  is  for  the  small  signal  case  where  the  RF  leakage 
energy  is  not  sufficient  to  contribute  noticeably  to  the  plasma  density.  For  the  practical  case, 
the  leakage  heats  the  plasma  and  increases  the  electron  density.  This  has  the  same  effect  as 
locally  increasing  the  DC  current  I  by  a  considerable  amount,  thus  reducing  the  attenuation 
by  making  the  plasma  tube  a  better  conductor  to  the  TEM  mode.  The  time  constant  for  this  re¬ 
duction  of  attenuation  by  RF  heating  is  quite  long  and  is  related  to  the  propagation  velocity  of 
the  warm  plasma  along  the  tube.  The  effect  can  be  seen  in  Fig.  39  where  attenuation  is  plotted 
as  a  function  of  pulse  length. 

In  the  steady  state  the  plasma  density  will  be  highest  at  the  input  to  the  attenuator  and  will 
decrease  along  the  tube  as  the  RF  amplitude  is  attenuated  to  the  value  where  the  small  signal 
characteristics  are  reached,  from  which  point  the  maximum  attenuation  is  again  realized.  As 
the  RF  power  is  increased  this  point  is  arrived  at  farther  along  the  tube.  For  the  Haystack  at¬ 
tenuator,  the  warm  plasma  region  seems  to  lengthen  by  about  2  cm  for  each  1-dB  increase  in 
power.  This  occurs  for  an  input  power  of  10  to  20  watts. 
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A  second  limitation  on  pulsed  attenuation  op¬ 
eration  is  due  to  the  heating  of  the  tube  by  both  the 
DC  current  which  sustains  the  plasma  and  the  RF 
leakage  from  the  transmitter.  A  maximum  tube 
temperature  of  300°  C  should  not  be  exceeded. 

Figure  42  is  a  graph  of  temperature  measured  at 
the  RF  input  end  of  the  quartz  tube  by  thermocou¬ 
ples  placed  on  the  bulb. 

For  pulse  lengths  longer  than  about  20psec  at 
the  0.002  duty  factor,  or  with  longer  pulse  lengths 
at  higher  duty  factors  which  may  be  encountered 
in  future  experiments,  it  is  necessary  to  provide 
some  kind  of  high  power  limiter  in  front  of  the 
pulsed  attenuator.  The  Ferrotec  switch  is  cur¬ 
rently  used,  but  a  scheme  has  been  devised  and 
will  be  employed  in  the  future  in  which  the  pulsed 
attenuator  gas  tube  is  used  both  as  an  attenuator 
and  a  power  sensitive  reflecting  element.  The  configuration  of  this  circuit  is  shown  in  Fig.  43. 
The  quartz  plasma  tube  passes  through  a  low  Q  cavity  formed  from  a  section  of  normally  cut¬ 
off  waveguide  which  is  resonated  by  the  presence  of  the  quartz.  With  a  loaded  Q  of  15,  and  an 
active  attenuator  length  of  6  inches,  the  overall  cold  insertion  loss  of  the  gas  protector  is  about 
0.07  dB.  The  leakage  power  as  a  function  of  peak  input  is  shown  in  Fig.  44  and  the  heating  as  a 
function  of  average  input  is  shown  in  Fig.  45.  The  leakage  is  a  little  higher  than  anticipated  from 
a  knowledge  of  the  performance  of  the  protector  cavity  and  attenuator  taken  separately.  It  is  be¬ 
lieved  that  there  is  significant  coupling  between  the  two  elements  via  the  plasma  tube,  which 
would  act  as  a  lossy  coaxial  line.  The  proper  placement  of  chokes  would  probably  reduce  this 
coupling.  This  will  be  tried,  but  the  present  design  is  adequate  for  foreseeable  experiments 
and  will  eliminate  the  more  lossy  ferrite  switch. 


Fig.  42.  Temperoture  of  quortz  tube. 


ql  -  15 


Fig.  43.  Cross  section  of  high  power  gos  attenuotor. 
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Fig.  44.  Measured  leakage  characteristic 
of  high  power  gas  attenuator. 
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Fig.  45.  Measured  temperature  rise  of  high 
power  gas  attenuator. 


G.  Feed  System 

1.  Requirements 

In  its  original  concept  the  Haystack  system  was  to  provide  facilities  for  both  radar  and  com¬ 
munications  experiments.  The  proposed  communications  experiments,  which  were  later  dropped 
from  the  program,  required  an  autotrack  mode  in  which  the  antenna  would  follow  the  apparent 
source  of  incoming  radiation.  The  original  design  of  the  Haystack  feed  incorporated  a  track¬ 
ing  capability,  but  the  achievement  of  this  capability  was  subordinated  to  the  requirement  to 
achieve  near  optimum  performance  in  the  signal  channel.  The  same  basic  feed  design  was  ide¬ 
ally  suited  to  the  planetary  radar  program  because  of  the  excellent  main  beam  characteristics 
achieved,  i.  e.,  high  gain,  low  sidelobe  level  and  high  efficiency.  Furthermore,  the  four-pipe 
excitation  which  had  originally  provided  the  tracking  capability  allowed  division  of  the  500-kW 
transmitter  power  into  four  separate  waveguides,  thus  alleviating  a  potential  transmission  line 
problem  that  might  have  otherwise  existed. 

It  is  well  known  that  for  monopulse  tracking  antennas  the  requirements  for  optimizing  the 
sum  channel  and  tracking  channel  performances  are  in  conflict  with  one  another.  The  four-horn 
feed,  for  example  (which,  incidentally,  because  of  its  well  known  characteristics,  will  be  men¬ 
tioned  frequently  as  a  standard  of  comparison),  suffers  rather  seriously  in  two  distinct  areas: 

(1)  the  maximum  efficiency  in  the  sum  mode  is  reduced  because  of  the  presence  of  the  dividing 

septa  which  lie  in  the  E-plane,  and  (2)  the  horn  aperture  size  for  optimum  tracking  performance 
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is  about  double  the  size  required  for  optimum  sum  efficiency.  The  familiar  twelve-horn  and 
five-horn  designs  can  offer  some  improvement  or  at  least  different  trade-offs  but  it  is  clear  that 
what  is  desired  is  some  method  which  permits  independent  control  of  sum  and  difference  radia¬ 
tion  patterns.  The  approach  taken  in  the  design  of  the  Haystack  feed  is  to  use  a  single  horn  in 
which  the  sum  and  difference  patterns  are  generated  with  higher  order  modes  which  are  excited 
at  the  horn  throat.  This  multimode  horn  does  not  solve  all  the  problems  involved  in  the  design 
of  the  ideal  tracking  feed,  but  it  does  offer  the  best  trade-offs  for  fulfilling  the  Haystack  Plane¬ 
tary  Radar  requirements  in  that  its  sum  beam  efficiency  and  the  antenna  temperature  are  both 
improvements  over  what  is  achievable  with  the  above  mentioned  multihorn  feeds?0 
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The  Haystack  feed  system  behaves  much  like 
a  four-horn  monopulse  system  up  to  the  point 
where  the  higher  order  modes  are  generated,  the 
two  being  identical  in  their  microwave  sum  and 
difference  networks.  The  orthogonal  mode  trans¬ 
ducers  and  the  circular  polarizers  are  conven¬ 
tional.  A  cluster  of  four  of  these  circuits  excites 
the  four  square  apertures  of  the  horn  throat,  thus 
generating  the  circular  polarization  excitation 
for  the  multimode  feed.  This  is  shown  schemat¬ 
ically  in  Fig. 46. 
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DIFFERENCE  CIRCUITS  ARE  NOT  COMPLETED 


Fig. 46.  Hoystock  feed  system. 


2.  Multimode  Horn 

A  feed  aperture  distribution  consisting  of  a 
superposition  of  waveguide  modes  makes  it  pos¬ 
sible  to  exercise  a  certain  amount  of  independent 
control  of  the  sum  and  difference  radiation  pat¬ 
terns  if  the  amplitudes  and  phases  of  the  required 
modes  can  be  controlled.  The  number  of  modes 
which  can  be  generated  and  controlled  in  any  prac¬ 
tical  design  is  quite  limited,  but  even  with  only 

a  few  modes,  substantial  improvements  can  be  obtained  in  feed  performance  over  conventional 

,  ,  31-37 

feeds. 

The  multimode  feed.  Fig.  47,  is  basically  a  square  pyramidal  horn  fed  by  a  cluster  of  four 
waveguides.  Quadrature  symmetry  is  preserved  throughout  to  permit  either  dual  or  circular 
polarization  operation.  The  design  objective  is  to  use  only  the  following  waveguide  modes:  the 
TE1Q,  and  TM^  modes  in  the  sum  channel,  the  TE^  and  TM^  modes  for  E-plane  track¬ 

ing,  and  the  TE^q  mode  for  H-plane  tracking. 


SYMMETRICAL  ARRAY  OF  5  EQUALLY 
SPACED  FINS  ON  EACH  WALL 

FINS  0  5 X  LONG,  0  32  X  DEEP,0.4tX  THICK 
ALL  DIMENSIONS  ARE  IN  WAVELENGTHS ,  X 


Fig. 47.  Longitudinal  section  of  high  power  duol-polarized  multimode  feed  horn. 
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Figures  48(a)  and  (b)  show  the  resultant  E-field  configurations  for  these  mode  combinations 
when  the  component  modes  are  combined  in  the  most  favorable  phase.  From  these  it  is  easy  to 
visualize  the  principle  which  permits  the  observed  performance  of  the  multimode  feed.  The 
most  important  feature  of  the  horn  design  is  the  achievement  of  taper  in  the  E-plane  by  introduc¬ 
tion  of  the  TE^,  TM^  Pair  which  results  in  low  sidelobes  and  increased  sum  beam  efficiency. 
The  degree  of  taper  is  adjusted  to  equalize  the  E-  and  H-plane  pattern  beamwidths.  Theoreti¬ 
cally,  the  percentage  of  power  contained  within  the  main  beam  of  this  feed  is  97  to  98  percent. 

By  way  of  comparison,  the  four-horn  feed  has  only  69  percent  of  the  power  in  the  main  beam. 

Higher  order  modes  are  generated  in  a  waveguide  transmission  system  at  points  of  either 
abrupt  or  progressive  change  in  geometry.  Even  the  simplest  geometrical  configurations  are 
difficult  to  handle  analytically.  The  tracking  multimode  horn  in  its  final  form  is  so  complex 
as  to  discourage  analysis,  but  it  is  possible  to  break  down  the  problem  so  that  a  considerable 
amount  of  design  analysis  ean  be  performed  and  the  overall  performance  understood  in  a  quali¬ 
tative  way. 

The  sum  beam  is  generated  by  exciting  the  four  waveguides  entering  the  horn  throats  with 
waves  of  equal  phase  and  amplitude.  This  produces  a  distribution  at  the  horn  throat  discontinuity 
which  is  double-eosine  in  the  H-plane  and  uniform  in  the  E-plane.  The  boundary  conditions  re¬ 
quire  that  in  the  plane  of  the  throat  discontinuity  the  E-field  be  zero  at  the  septum  formed  by 
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COSINE  DISTRIBUTION  IN  H-PLANE 
COSINE  ON  A  PEDESTAL  IN  E-PLANE 


Fig.48(o).  Modes  responsible  for  forward,  or  sum,  beom. 
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the  eommon  waveguide  walls  whieh  lie  parallel  to  the  E-field,  Fig.  49.  This  tends  to  strongly 
excite  the  TE^q  mode.  The  step  at  the  outer  walls  generates  the  TE^Q  at  about  the  same  inten¬ 
sity  as  the  septum,  but  in  anti-phase.38  The  two  contributions  of  TE^Q  which  are  generated  in 
the  same  transverse  plane,  almost  completely  cancel  over  a  wide  frequency  band. 

The  dimensions  of  the  H-plane  step  required  to  eliminate  the  TE-^  mode  can  be  estimated 
by  taking  the  Fourier  transform  of  the  aperture  distribution.  This  method  is  open  to  eritieism 
as  a  technique  for  accurately  determining  the  higher  order  modes  generated  at  the  discontinuity, 
but  it  appears  to  be  a  relatively  easy  method  of  representing  the  situation  in  a  qualitative  way. 
This  analysis  suggests  that  a  ratio  of  A/A'  =  3/2  (refer  to  Fig.  49)  will  suppress  the  TE^Q  mode. 
This  is  a  highly  desirable  feature,  because  the  presence  of  the  TE^q  mode  would  cause  the 
H-plane  patterns  to  be  extremely  sensitive  to  frequency. 

The  TE^  —  TM^  degenerate  pair  required  to  produee  a  tapered  aperture  distribution  in 
the  E-plane  may  be  generated  by  a  symmetrical  discontinuity  in  the  E-plane.  The  step  required 
for  elimination  of  the  TE^  mode  for  the  other  polarization  is  not,  however,  of  the  proper  di¬ 
mensions  for  this  purpose,  producing  not  only  the  wrong  excitation  amplitude  of  TE^  —  TM^, 
but  other  undesired  higher  order  modes  as  well.  An  abrupt  taper  in  the  E-plane  with  a  transi¬ 
tion  to  the  larger  rectangular  waveguide  will  exeite  the  desired  mode  group.  In  order  not  to 
disturb  the  step,  whieh  is  necessary  for  suppression  of  the  TE^  mode  in  the  other  polarization, 
the  taper  was  constructed  using  several  fins.  The  dimensions  were  experimentally  determined 
to  give  the  desired  result. 

This  configuration  is  difficult  to  analyze,  particularly  so  in  view  of  the  faet  that  the  fins  are 
widely  spaced.  The  mode  distributions  obtained  from  pattern  analysis  suggest  that  the  fins  may 
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E-PLANE  TRACKING  MODES 

Fig. 48(b).  Modes  responsible  for  tracking  beams. 
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Horn  throat  discontinuity  and  TE^q 
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be  considered  to  represent  a  small  step  plus  a  moderately  steep  taper  in  the  E-plane  to  a  larger 
waveguide  dimension.  The  present  TE12  —  TM^  generator.  Fig.  49,  is  probably  not  optimum, 
but  does  give  good  results  in  the  sum  beam  over  the  frequency  band  of  interest. 

The  conditions  most  favorable  for  the  difference  modes  may  be  determined  in  much  the  same 
manner  as  for  the  sum  modes.  Analysis  for  the  TE^q  mode,  for  example,  shows  that  the  ratio 
A/A’  =  2  will  suppress  the  TE^q  mode.  This  is  considerably  at  variance  with  the  requirements 
to  eliminate  the  TE^0  mode  from  the  sum  beam  so  it  is  not  surprising  that  the  H-plane  difference 
patterns  suffer  some  degradation  by  the  strongly  excited  TE^  mode.  A  similar  situation  exists 
with  respect  to  the  E-plane  difference  patterns. 

The  present  horn  design  does  not  allow  independent  control  of  all  the  modes  required  for  the 
signal  gathering  and  the  monopulse  tracking  functions.  Because  tracking  was  not  a  requirement 
for  the  planetary  radar,  no  attempt  was  made  to  introduce  parameters  which  would  provide  addi¬ 
tional  control  of  the  excitation  of  the  tracking  modes. 

The  various  modes  responsible  for  the  aperture  illumination  travel  at  different  velocities 
in  the  long  pyramidal  horn.  In  order  to  adjust  the  relative  phases  at  the  aperture,  a  section  of 
waveguide  of  constant  cross  section  was  included  and  its  length  adjusted  to  give  the  best  perform¬ 
ance  for  the  sum  beam  at  the  band  center.  Figure  50  shows  the  phase  shift  of  several  modes 
relative  to  the  dominant  TE^  for  the  57A-long  pyramidal  horn  of  Fig.  47. 


Fig. 50.  Throat-to-operture  shift  of  various 
modes  relotive  to  TE^q  dominant  made  for 
pyromidol  horn. 
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In  order  to  optimize  the  forward  (sum)  performance,  the  TE^  —  TM^2  Pa*r  must  be  in 
phase  at  the  aperture.  The  horn  is  two  wavelengths  longer  for  the  TE^q  mode  than  for  the 
higher  order  mode  pair.  The  frequency  dependence  of  this  differential  phase  shift  causes  the 
gain  to  fall  off  slowly  on  both  sides  of  the  design  frequency.  Fig.  50  points  out  the  difficulty 
which  would  be  experienced  if  the  TE^q  mode  were  present.  In  addition  to  the  increased  fre¬ 
quency  dependence,  it  would  be  very  difficult  to  adjust  the  TE^q  phase  with  respect  to  the  other 
necessary  modes. 

In  the  pyramidal  horn  the  wave  impedance  is  a  function  of  the  cross-sectional  dimension 
of  the  horn  and  consequently  the  field  amplitudes  vary  as  the  waves  progress  along  the  horn 
according  to  a  relationship  which  is  different  from  the  l/R  of  an  expanding  spherical  wave. 
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Fig. 51.  E-field  behavior  for  various  modes  in  the  lang  pyramidal  ham. 
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Fig.  52.  Primary  sum  patterns  —  comparison  af  faur-harn  feed  and  multimode  feed  (measured). 
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The  limiting  case  for  very  high  frequencies  is,  of  course,  l/R  because  here  the  wave  impedance 
approaches  the  value  of  free  space.  The  amplitude  of  TM  modes  will  decrease  less  rapidly  than 
TP3  modes  (see  Fig.  51).  Consequently,  degenerate  mode  pairs  such  as  TE^2  —  TM^2  were 

excited  with  equal  amplitude  at  the  horn  throat  will  not  be  of  equal  amplitude  at  the  aperture  if 
one  excludes  the  possibility  of  energy  transfer  between  the  components  of  the  degenerate  pair. 
The  condition  of  unequal  amplitude  of  the  TE^  and  TM^2  moc*es  at  the  aperture  will  result  in  a 
cross  polarized  component.  Pattern  measurements  indicate  that  the  cross  polarization  level  is 
everywhere  less  than  —23  dB  from  the  peak  of  the  main  beam  and  is  —  40  dB  on  axis.  This  is  of 
the  order  of  magnitude  expected  from  the  data  of  Fig.  51. 

H.  Patterns  and  Pattern  Analysis 

The  explanations  of  feed  performance  given  up  to  this  point  indicate  only  that  the  distribution 
in  the  feed  aperture  will  be  a  superposition  of  certain  waveguide  modes.  The  particular  modes 
and  their  relative  amplitudes  depend  upon  the  design  of  the  mode  launcher  at  the  horn  throat. 

The  general  nature  of  the  horn  throat  makes  the  complete  analysis  difficult.  However,  the  rel¬ 
ative  amplitudes  and  phases  of  the  various  modes  actually  existing  at  the  horn  aperture  ean  be 
determined  approximately  by  examining  the  radiation  patterns. 

A  symmetrical  excitation  generates  the  forward  or  sum  beam  and  for  the  most  part  excites 
the  TE^q  mode  and  the  TE^2  —  TM^  degenerate  pair.  However,  there  may  be  traces  of  TE^, 

TE..,  TM ..  and  even  TEca.  Of  these  the  dominant  TE.  a,  as  well  as  the  TE.  TM,~,  TE.. 
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and  TM^  modes,  all  have  a  distribution  in  the  H-plane  which  ean  be  represented  by  eos  (ttx/D), 
where  D  is  the  width  of  the  feed  aperture  and  —  D/2  ^  x  ^  D/2.  The  H-plane  patterns  are  insen¬ 
sitive  to  the  presence  of  these  particular  higher  order  modes.  The  effects  of  their  presence 
will  be  felt  in  the  Pl-plane  patterns.  The  TE^q  and  TE,-^  modes  have  H-plane  distributions  which 
are  respectively  eos  (37rx/D)  and  eos  (57rx/D)  with  uniform  E-plane  distributions.  Only  the 
H-plane  patterns  are  sensitive  to  the  presence  of  these  modes. 

The  experimentally  determined  H-plane  pattern.  Fig.  52,  has  beamwidths  and  sidelobe  levels 
which,  to  a  high  degree  of  accuracy  are  predicted  by  the  simple  eos  (7tx/D)  H-plane  distribution. 

It  ean  be  concluded  that  the  amounts  of  TE^  and  TE^  present  are  negligible. 

In  the  E-plane  the  dominant  mode  produces  a  uniform  distribution  whereas  the  TE^2,  TM^2, 
TE^  and  TM^  produce  cosinusoidal  distributions.  The  aperture  distribution  in  the  E-plane 
may  be  represented  as 

E(y)  =  Cq  +  C2  (eos  — (eos  — ) 

where  —  D/2^  y  ^  D/2  and  where  CQ  accounts  for  the  dominant  mode,  C 2  for  the  TE^2,  TM^2 
degenerate  pair  and  for  the  TE^,  ™i4  degenerate  pair.  The  corresponding  radiation  pat¬ 
tern  is: 

P(u)  =  r  Slail  +  %  [  si,n  (u  r*L  +  sin  (u  +  jr) 

Ou  2  1  (u  —  7T)  U+7T  J 

Q 

4  sin  (u  -  2 7r)  sin  (u  +  2i r) 

2  l  u  —  27t  u  +  27 r  ' 

where  u  =  7tD/\  sinG,  and  0  is  the  angle  measured  from  the  axis  of  the  feed  in  the  E-plane. 

The  pattern  is  expressed  as  the  sum  of  terms  of  the  form  sin  (u  ±  n7r)/u  ±  n7r.  These  func¬ 
tions  have  a  maximum  value  of  unity  and  the  useful  property  that  at  the  maximum  of  any  one 
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term  the  others  are  zero.  This  enables  one  to  evaluate  the  constants  C-,/CA  and  C./CE  from  the 

2'  0  4  0 

experimental  patterns  by  selecting  the  values  of  u  which  maximize  the  individual  terms.  These 
values  are  u  =  =f  nir,  and  correspond  to  the  angular  position  ©n  =  =f  sinnX/D. 

The  results  of  the  analysis  show  that  C^/Cq  *£  0.45  to  0.5.  This  is  just  the  amount  of  TE12, 
TM required  to  equalize  the  principal  plane  beamwidths.  The  ratio  C4/CQ  is  approximately 
0.2  and  represents  the  undesired  mode  pair,  TE^,  TM14,  responsible  for  the  —  20-dB  shoulders 
in  the  E-plane  pattern  (see  Fig.  52). 

There  are  two  different  antisymmetrical  conditions  which  lead  to  the  tracking  patterns.  Anti¬ 
symmetric  excitation  in  the  E-plane  leads  to  mode  pairs  such  as  TE^,  TM^  and  TE^,  TM^. 
The  mode  pair  TE^,  TM^  is  undesirable  but  unfortunately  it  is  generated  strongly  and  the 
phase  of  this  higher  mode  pair  at  the  aperture  plane  varies  quite  rapidly  with  respect  to  that  of 
the  TE^,  TM^  Pa^r*  Much  of  the  energy  in  these  higher  order  modes  is  spilled  over,  i.  e.,  not 
intercepted  by  the  suoreflector  in  the  Cassegrainian  antenna  system.  Because  of  the  rapid  phase 
variation  with  respect  to  the  TE^,  TM^  Pa^r»  there  is  a  narrow-banding  effect  and  a  loss  in 
tracking  efficiency.  This  is  partially  offset  by  the  superior  on-axis  gain  of  the  feed,  and  results 
in  a  tracking  capability  which  is  comparable  to  that  obtained  using  a  four-horn  cluster. 

The  distribution  in  the  E-plane  for  E-plane  tracking  is 

F(y)  =  Al  sin  (^)  +  A3  sin  (^) 

where  the  first  term  represents  the  TE^,  TM^  mode  pair  and  the  second  term  the  TE^,  TM^ 
pair.  The  pattern  is  given  by: 

p(u)  =  a.  [si?(u~ ;/2)  -  si?(u/742)i  +  a,  [gio (u -  3;/2)  | 

1  1  (u  —  ?r/ 2 )  (u  +  tt/2)  j  3  l  (u  —  3t r/2)  J 

sin  (u  +  3?r/2) 

(u  +  3tt/2)  j 

The  same  technique  employed  in  the  analysis  of  the  sum  patterns  was  used  to  determine  the  ratio 
A3/A1  to  be  approximately  1.4. 

For  the  other  remaining  pattern,  which  is  antisymmetrical  in  the  H-plane  but  symmetrical 
in  the  E-plane,  it  is  sufficient  to  consider  the  TE7q  and  TE^  modes.  In  this  case,  once  again, 
the  higher  order  TE^  is  undesirable,  since  it  leads  principally  to  spilled-over  energy.  It  is 
quite  strongly  excited  and  its  phase  at  the  aperture  varies  rapidly  with  frequency  with  respect 
to  the  TE^q  mode.  In  this  case,  just  as  in  the  E-plane  antisymmetric  case,  the  presence  of  the 
higher  mode  tends  to  degrade  the  tracking  characteristic.  The  tracking  pattern  in  the  H-plane 
is  represented  by 

P(u)  =  B,  ~  <U~^1  +  B4  [  sin(u+27r) 

v  2  1  (u  +  7r)  (u  —  tt)  4  1  (u  —  2tt) 

sin  (u  —  2tt) 

(u  -  2tt)  1 

where  the  quantity  F^/B^  represents  the  ratio  of  the  TE4Q  mode  to  the  TE^0  mode  and  is  found 
to  be  approximately  0.6. 

A  factor  of  considerable  importance  in  both  of  these  cases  of  antisymmetry  is  the  phase  of 
the  monopulse  sum  signal  relative  to  each  monopulse  difference  signal.  The  feed  is  quite  broad- 
banded  in  this  respect  if  only  the  desired  tracking  modes  exist,  since  there  is  little  relative  phase 
shift  between  TE1Q  and  the  TE^,  TM^  pair  and  it  is  not  a  large  effect  between  TE1Q  and  TE^. 
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The  presence  of  the  undesired  higher  order  modes  produces  frequency  sensitive  phase  variations 
between  the  sum  and  difference  channels  in  addition  to  having  an  effect  on  the  tracking  patterns  and 
on  tracking  sensitivity.  Reduction  of  the  amplitude  of  the  and  TM13  and  TEQ4  modes  would 

improve  both  the  difference  beam  characteristics  and  the  tracking  efficiency.  Experimentation 
with  the  mode  generator  was  not  carried  far  enough  to  suggest  how  this  might  be  accomplished 
without  degrading  the  sum  beam  characteristics. 

The  primary  sum  patterns  obtained  for  the  multimode  horn  are  shown  on  the  right  in  Fig.  52, 
and  compared  to  those  obtained  for  a  conventional  four-horn  cluster  on  the  left.  The  patterns 
have  been  normalized  to  the  same  gain  at  the  peak  of  the  beam  thus  obscuring  the  fact  that  the 
beam  efficiency  for  the  multimode  horn  is  about  1.4  dB  greater  than  for  the  four-horn  cluster. 

The  secondary  patterns  of  the  Haystack  antenna  using  the  multimode  feed  are  shown  in  Fig.  53. 


Fig.  53.  Haystack  secondary  patterns  with  multimode  feed  receiving 
left  circular  polarization. 


The  superior  quality  of  the  feed  is  also  illustrated  by  antenna  temperature  measurements 

made  using  a  radiometer.  Figure  54  compares  Haystack  antenna  temperatures  measured  using 
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the  multimode  feed  with  data  taken  using  a  Clavin  feed  which  had  been  designed  and  used  as 
a  low-noise  radiometer  feed.  The  difference  between  the  8. 25 GHz  of  the  radiometer  feed  and 
the  7.7  5GHz.  of  the  multimode  feed  would  be  responsible  for  a  negligible  difference  in  the  effec¬ 
tive  antenna  temperature. 

The  beam  efficiency  of  a  Cassegrainian  feed  is  defined  as  the  percentage  of  the  total  power 
radiated  which  is  directed  at  the  subreflector.  Calculations  based  on  the  aperture  distribution, 
neglecting  the  small  amount  of  undesired  higher  order  modes,  give  a  beam  efficiency  of  95  to 
96  percent.  Integration  of  the  measured  E-  and  H-plane  patterns  making  the  usual  assumptions 
regarding  symmetry  and  using  the  measured  primary  gain,  gives  a  figure  of  about  90  percent. 
The  Haystack  antenna  has  been  the  subject  of  very  intensive  studies  from  which  it  has  been  de¬ 
termined  that  the  surface  tolerance  loss  is  0.8  dB  and  the  radome  loss  1.2dB  at  a  frequency  of 
7.75GHz.  The  measured  gain  of  the  antenna  is  65.4  ±  0.5  dB  which,  when  corrected  for  radome 
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ANGLE  FROM  HORIZON  (deg) 


Fig.  54.  Haystack  antenna  temperature  using 
various  feeds. 


Fig.  55.  Impedance  characteristic  af  Haystack 
feed  (daes  nat  include  OMT  and  polarizer). 


1/4  OF  TOTAL  POWER  AND  POLARIZER 


Fig.  56.  One  element  of  OMT  assembly. 
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and  tolerance  loss,  gives  a  gain  value  of  67.4  ±  0.5dB  and  an  efficiency  of  62.4  ±  7.2  percent. 

This  is  consistent  with  a  value  of  feed  efficiency  of  90  percent. 

The  multimode  feed,  with  no  matching  device  whatever,  has  a  VSWR  no  greater  than  1.24 
over  the  entire  band  from  7.6  to  8.4  GHz,  but  under  these  conditions  the  VSWR  is  1.22  at  7.84  GHz. 
For  this  reason,  a  small  symmetrical  iris  has  been  placed  in  each  square  waveguide  2. 66 A  behind 
the  throat  aperture.  The  performance  of  the  feed  with  the  iris  is  shown  in  Fig.  5  5.  The  VSWR 
is  better  than  1.1  for  a  bandwidth  of  more  than  100  MHz  centered  on  a  frequency  of  7.84  GHz,  the 
planetary  radar  frequency. 

The  feed  aperture  is  covered  with  a  thin  radome  fabricated  from  polyethylene  sheet.  This 
radome  does  not  alter  the  feed  characteristics.  Its  purpose  is  to  keep  foreign  material  out  of 
the  microwave  system  and  allow  pressurization  of  the  system  to  up  to  1  psi  in  order  to  prevent 
condensation  of  moisture  inside  the  waveguide. 

I.  OMT  (Orthogonal  Mode  Transducer)  and  Circular  Polarizer 

One  of  the  simplest  ways  of  generating  circular  polarization  where  polarization  diversity, 
i.  e.,  rapid  change  of  polarization  characteristic,  is  not  a  requirement  is  to  use  an  OMT  which 
allows  injection  of  two  orthogonal  linear  polarizations  into  a  waveguide  of  symmetrical  cross 
section,  i.  e.,  either  square  or  circular.  This  is  followed  by  a  microwave  equivalent  of  the 
quarter  wave  plate  which  will  produce  circular  polarization,  the  sense  of  circularity  being 
dependent  upon  which  of  the  two  possible  linear  polarizations  is  incident  upon  the  polarizer. 

In  the  Haystack  monopulse  system,  each  of  the  four  waveguides  feeding  the  multimode  horn 
contains  an  OMT  and  polarizer.  These  components  were  carefully  constructed  using  electro¬ 
forming  techniques  to  insure  that  the  four  transmission  paths  are  as  identical  as  is  achiev¬ 
able  within  reason.  Figure  5  6  is  a  longitudinal  cross  section  of  a  typical  OMT. 

The  OMT  was  designed  with  its  orthogonal  inputs  in  WR-112  waveguide  and  with  a  step  trans¬ 
former  to  match  the  orthogonal  mode  section  into  the  0.990-inch  square  waveguide  of  the  circular 
polarizer.  This  size  of  square  waveguide  was  chosen  for  the  polarizer  in  order  to  insure  that 
the  TE11  mode  was  cut  off  below  8. 2  GHz.  This  design  was  a  concession  to  radiometry.  An 
earlier  polarizer  in  1.1 22- inch  square  waveguide  had  exhibited  small  resonance  absorptions  due 
to  presence  of  the  TE^  mode  which  could  not  be  radiated  because  of  the  horn  throat  dimensions. 
These  resonances  were  so  positioned  that  they  produced  no  adverse  effect  on  the  planetary  radar 

performance,  but  they  did  interfere  with  radiometer  experiments  designed  to  detect  helium  lines. 
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The  circular  polarizer  design  is  shown  in  Fig.  57  and  its  differential  phase  shift  charac¬ 
teristic  in  Fig.  58.  In  the  design  used  in  the  planetary  radar  system,  the  step  transformer  was 
adjusted  to  provide  the  best  match  for  the  OMT-polarizer  assembly.  This  is  shown  in  Fig.  59. 

The  construction  of  the  OMT  and  polarizer  of  electroformed  copper  has  reduced  the  inser¬ 
tion  loss  to  a  minimum.  The  loss  for  the  OMT  through  the  side  arm,  which  is  the  normal  re¬ 
ceived  signal  path,  has  been  determined  to  be  less  than  0.02  dR.  This  loss  is  somewhat  higher 
than  the  loss  of  an  equivalent  length  of  copper  waveguide,  partly  due  to  the  inductive  matching 
elements  required  to  remove  the  2:1  mismatch  of  the  unmatched  junction.  The  loss  in  the  cir¬ 
cular  polarizer  has  been  determined  to  be  0.012  dB. 

The  power  handling  ability  of  this  assembly  is  limited  by  the  OMT.  Breakdown  of  an  OMT 
unit  occurred  at  272  kW  CW  when  operated  in  an  unpressurized  traveling  wave  resonator.  This 
measurement  was  made  by  connecting  two  OMT  units  (see  Fig.  56)  back  to  back  and  passing  high 
power  through  the  ’■thru"  ports  which  represents  the  conditions  of  use  in  the  Haystack  system. 
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ALL  DIMENSIONS  ARE  IN  INCHES 


Fig.  57.  Circular  polarizer. 


Fig.  58.  Performance  of  circular  polarizer. 


Fig.  59.  VSWR  af  OMT  polarizer  assembly. 
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Vn.  PROTECTION  OF  THE  HIGH  POWER  RF  SYSTEM 


An  expensive  sophisticated  remotely  operated  piece  of  equipment,  such  as  the  planetary 
radar,  must  be  provided  with  a  protective  system  which  is  capable  of  minimizing  damage  when 
a  fault  occurs.  This  protective  system  must  be  designed  so  that  information  on  the  nature  of 
the  fault  and  its  location  is  preserved  in  order  that  the  causes  of  the  failure  can  be  diagnosed 
and  the  proper  corrective  measures  taken.  Without  a  well-designed  protective  system,  it  is 
questionable  whether  a  500-kW  CW  microwave  system  at  X-band  could  be  deployed  successfully. 
The  protective  system  in  the  planetary  radar  was  designed  to  provide  continuous  monitoring  of 
all  critical  areas,  to  automatically  initiate  shutdown  at  the  proper  level  whenever  a  fault  should 
occur,  and  to  provide  an  indication  of  fault  location  even  if  a  complete  power  failure  accompanied 
the  fault. 

The  need  for  making  provision  for  the  protection  of  the  microwave  system  from  catastrophic 
failure,  due  to  a  malfunction,  is  much  more  important  for  the  case  of  a  CW  than  for  a  pulsed 
system  because  the  CW  mode  of  operation  does  not  have  built  into  it  the  periodic  shut-off  feature 
inherent  in  the  pulsed  system.  This  is  not  to  say  that  pulsed  systems  might  not  need  fault  pro¬ 
tection,  but  the  problem  is  not  viewed  with  as  much  urgency.  In  a  CW  microwave  system  there 
are  three  electrical  fault  situations  which  require  immediate  protective  response.  These  are 
(a)  an  arc  in  the  transmission  line,  (b)  a  multipactor  discharge  occurring  on  the  vacuum  side  of 
the  RF  output  window  of  the  transmitter  tube,  and  (c)  interception  of  an  excessive  number  of  high 
energy  electrons  by  the  drift  tube  section  of  the  klystron  amplifier  or  by  the  RF  structures  in 
the  case  of  a  high  power  traveling  wave  tube.  In  addition  to  these,  there  are  requirements  on 
the  fluid  coolant  and  other  environment  determining  factors  which  must  be  interlocked  in  such 
a  way  as  to  prevent  a  catastrophic  situation  from  developing. 

Figures  2  and  11  show  the  location  of  sensors  associated  with  the  high  power  microwave 
transmission  system.  In  addition,  there  are  sensors  with  fault  thresholds  to  detect  excess  body 
current  in  the  klystron  and  to  detect  changes  in  the  field  of  the  focusing  electromagnet.  The  out¬ 
put  of  these  sensors  is  fed  into  a  Fault  Logic  Unit  (FLU)  which  (a)  initiates  the  proper  sequence 
of  events  to  shut  down  the  transmitter,  and  (b)  operates  indicating  lamps  so  that  the  system  op¬ 
erator  can  determine  the  location  of  the  fault  and  diagnose  the  problem. 

The  fault  system  employed  has  a  great  deal  of  redundancy  which  was  built  in  by  design. 

An  arc  in  the  waveguide,  for  example,  could  be  detected  by  any  one  or  all  of  the  following  sen¬ 
sors:  (a)  optical  arc  detector,  (b)  reverse  power  detector,  (c)  line  unbalance  detector,  and  (d) 
forward  power  detector.  It  was  not  possible,  however,  to  always  arrive  at  this  degree  of  re¬ 
dundancy.  An  intense  multipactor  discharge  on  the  vacuum  side  of  the  window,  which  if  unde¬ 
tected  would  destroy  the  window,  is  sensed  with  certainty  only  by  the  optical  arc  detector  which 
is  positioned  to  have  the  window  in  its  field  of  view.  In  principle,  one  might  expect  that  such  a 
fault  would  also  be  seen  by  the  line  unbalance  detector,  but  operating  experience  has  not  shown 
this  to  be  the  case. 

The  operation  of  the  FLU  is  illustrated  by  the  diagram  on  Fig.  60.  This  unit  controls  the 
RF  excitation  of  the  500-kW  klystron  transmitter  in  accordance  with  the  status  of  signals  derived 
from  protective  and  interlock  circuits  in  the  RF  box.  In  addition,  it  receives  signals  and  timing 
pulses  from  the  pulse  coordinator.  These  timing  signals,  plus  those  generated  within  the  fault 
logic  unit  as  a  result  of  inputs  from  the  fault  sensors,  control  both  the  RF  excitation  and  the  DC 
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Fig.  60.  Simplified  diagram  of  fault  logic  unit. 
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Fig.  61.  Basic  connection  of  crowbar  and  high  voltage  power  supply 


[3-3MI651  | 


or  video  voltages  applied  to  the  beam  control  element  of  the  klystron  amplifiers.  Control  of  the 
RF  excitation  is  accomplished  by  means  of  PIN  diode  switches  in  the  RF  drive  network.  The  klys¬ 
tron  beam  is  controlled  by  a  voltage  developed  in  the  Beam  Control  Unit  (BCU).  Pulses  which 
control  the  status  of  the  BCU  are  routed  through  the  FLU  where  they  are  regenerated  and  fed  to 
the  BCU  in  accordance  with  the  fault  status. 

The  diode  switch  driver  generates  the  current  waveform  which  is  used  to  drive  the  PIN  di¬ 
ode  attenuator.  In  the  case  of  an  RF  fault,  the  RF  drive  to  the  klystron  is  reduced  to  the  point 
where  the  RF  output  is  not  large  enough  to  sustain  further  damage  due  to  RF  effects.  The 
shut-off  of  RF  drive  occurs  in  the  order  of  one  psec.  The  PIN  diode  switches  are  designed  to 
be  fail  safe,  that  is,  maximum  attenuation  occurs  for  zero  diode  current.  However,  if  a  diode 
fails  through  short  circuiting  of  the  diode  junction,  which  is  perhaps  the  most  likely  type  of  PIN 
diode  failure,  the  attenuation  of  the  switch  is  reduced  by  substantially  the  attenuation  contributed 
by  that  diode. 

In  the  event  that  the  PIN  diode  switch  fails  to  reduce  the  RF  output  within  10(jisec,  the  win¬ 
dow  timer  will  cause  a  stop  pulse  to  be  generated  and  applied  to  the  BCU  which  will  cut  off  the 

beam  in  about  3  jisec.  An  option  is  also  provided  to  send  a  locally  generated  trigger  to  the  crow- 
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bar  circuit  which  will  shut  down  and  discharge  the  high  voltage  power  supply. 

It  is  desirable  to  preserve  a  knowledge  of  the  location  of  a  fault  even  though  all  power  asso¬ 
ciated  with  the  transmitter  is  lost.  For  this  reason  latching  relays  have  been  incorporated  in 
all  of  the  fault  sensing  circuits.  This  allows  preservation  of  the  fault  sensor  readouts  in  case 
of  a  power  failure  and  allows  determination  of  the  true  cause  of  the  failure  which  otherwise 
might  not  be  traceable. 

DC  faults  both  within  and  external  to  the  high  voltage  power  supply  are  sensed  and  the  appro¬ 
priate  drive  signals  generated  to  disconnect  the  power  supply  from  the  AC  mains  and  to  discharge 
the  capacitor  bank.  From  the  standpoint  of  the  RF  system,  the  interest  is  in  the  protection  af¬ 
forded  by  the  crowbar  to  the  klystron  should  the  body  of  the  tube  suddenly  begin  to  intercept  an 
abnormal  amount  of  the  beam  current  either  due  to  a  ngas  burst"  within  the  vacuum  envelope, 
a  failure  of  the  magnet  power  supply,  or  a  failure  of  the  focusing  magnet  itself.  The  crowbar 
discharges  and  shuts  down  the  high  voltage  DC  supply  in  less  than  lOpsec  from  the  time  a  trig¬ 
ger  is  generated  in  the  FLU.  When  an  RF  fault  exists  the  crowbar  is  fired  only  if  the  diode 
switches  fail  to  remove  the  RF,  or  if  the  BCU  fails  to  cut  off  the  klystron  beam.  Figure  61 
shows  the  manner  in  which  the  power  supply  and  crowbar  are  connected  in  the  Haystack  system. 
Any  fault  to  ground,  be  it  via  the  klystron  or  a  human  body,  will  cause  current  to  flow  in  the 
sensing  resistor  shown  in  Fig.  61.  When  the  set  threshold  is  exceeded,  the  crowbar  will  be  fired, 
discharging  the  supply.  It  has  been  accidentally  demonstrated  that  this  fast  crowbar  can  forgive 
an  ordinarily  fatal  mistake.  However,  it  is  not  recommended  that  this  be  a  substitute  for  safety 
procedures. 
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